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Abstract 
 
Title of dissertation: The Economic Analysis of Commercial Ships with 
Hydrogen Fuel Cell through Case Studies 
 
Degree: Master of Science 
 
With the rapid growth of world economy, the shipping industry needs to catch up 
immediately with the latest environmental demands and stringent regulations at a time. 
The Marine Environment Protection Committee (MEPC) in the International Maritime 
Organization (IMO) has discussed the switch to cleaner fuels and their availability. In 
such a way, hydrogen as marine clean fuel in combination with Fuel Cells (FCs) has 
been in discussion as one of the solutions in the shipping industry. However, although 
Hydrogen Fuel Cells (HFCs) are superior to environmentally-friendliness, most of 
them have not been introduced in the industry due to high costs. Therefore, this 
research explored the economic feasibility to utilize three types of HFCs, PEMFC, 
MCFC and SOFC from the ship owners’ perspectives.  
Meanwhile, the automobile industry has achieved the commercialization of a vehicle 
with FCs, Fuel Cell Vehicle (FCV) while struggling with cost issues. FCV is still costly 
for users; however, automobile manufacturers have developed mature technologies 
since many years ago, and have established an elaborate strategy to resolve the 
obstacle for commercialization in collaboration with related stakeholders. Moreover, 
governmental support is essential for private sectors to introduce HFCs. Looking at 
the environmentally advanced countries, energy and economic policies to develop 
projects and funding for the commercialization of HFCs have been established. In this 
study, these efforts in government and private sectors were investigated and analyzed. 
The case study analysis on the economic feasibility of a containership with HFCs was 
carried out. Four scenarios (500, 1,000, 1,500 and 2,000 kW power from HFCs) were 
illustrated, and calculation of net present cost (NPC), payback period (PB) and 
Internal Rate of Return was conducted, which would affect to ship owners’ decision 
making. 
 
 
KEYWORDS: Hydrogen, MEPC, IMO, Fuel Cell, Hydrogen Fuel Cell, PEMFC, 
MCFC, SOFC, Fuel Cell Vehicle, Containership, lifetime, Life Cycle Cost, Net 
Present Cost, Payback Period, Internal Rate of Return 
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1. Introduction 
In recent years, world economy has been definitely growing due to rapid population 
increase. According to the United Nations (UN), the current world population of 7.6 
billion is estimated to reach 8.6 billion in 2030 and 9.8 billion in 2050 (UN, 2017). In 
accordance with over 80% of global trade by volume and more than 70% of its value 
being carried on board ships and handled by seaports worldwide, the importance of 
maritime transport for trade and development cannot be overemphasized. 
On the other hand, marine environmental issues related to greenhouse gas (GHG) 
and air pollution, sulphur oxide (SOx) and nitrogen oxide (NOx) that cause health 
issues, have been increasing in return for economic growth, which has possibly 
contributed to global warming or some serious problems. According to the 
International Maritime Organization (IMO), international shipping discharges a huge 
amount of GHG emissions (IMO, 2014). Moreover, IMO recognizes that air pollution 
from ships causes a cumulative effect that contributes to the overall air quality 
problems in many areas (IMO, 2018b). Therefore, to prevent these issues, IMO 
adopted the International Convention for the Prevention of Pollution from Ships 
(MARPOL) Annex VI in 1997, which requires ship owners to calculate Energy 
Efficiency Design Index (EEDI), have a Ship Energy Efficiency Management Plan 
(SEEMP) for mitigating CO2, and reduce the discharge of NOx and SOx from ships 
dramatically in the near future.   
To comply with the future environmental regulations, improvements in gas emissions 
from ships are urgently required. There are many options to reduce GHG and air 
pollution. A key measure might be to introduce Liquefied Natural Gas (LNG) as marine 
fuel. LNG fuel, compared to heavy oil fuel, leads to suppression of discharge of 
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hazardous materials into the environment because of its nature. However, there seem 
to be few prospects for progress in utilization of LNG fueled ships due to a challenging 
issue, namely LNG bunkering infrastructure. This is the biggest problem with investing 
in LNG fueled ships for shipping companies. Another problem of LNG is the 
environmental aspect as LNG cannot reduce all CO2 emissions. 
Hydrogen could be considered as marine fuel, and it can solve the environmental 
issues that are faced with other types of fuel. Meanwhile, the largest problem is high 
cost. The International Energy Agency (IEA) indicates that most hydrogen and fuel 
cell (FC) technologies are recognized to still in be in the early stages of 
commercialization due to high cost (IEA, 2015). On the other hand, the automobile 
industry could achieve commercialization of Fuel Cell Vehicle (FCV) with a well-
formulated strategy and enormous efforts. The shipping industry should follow the 
same path and find an appropriate way to introduce them by reference to their strategy 
and efforts. 
This research will identify technologies of Hydrogen Fuel Cells (HFCs) that could be 
considered as marine applications. Next, the advanced efforts in the automobile 
industry will be identified and considered as best practice. Furthermore, related policy 
and regulations will be clarified as well. The most important part of this research is to 
analyze the challenging issues regarding HFCs’ cost and seek the economic 
feasibility of the prevalence of HFCs on board throughout a case study. The results 
of this analysis will be helpful to argue that HFCs could be one of the solutions for 
ship owners.  
 
1.1. Background 
Global warming caused by huge amount of GHGs is currently considered as a world-
wide global environmental issue in return for economic growth. At a Conference of 
the Parties (COP) 21, in 2015, Parties to the United Nations Framework Convention 
on Climate Change (UNFCCC) adopted a landmark agreement (Paris Agreement) to 
address climate change and to require the actions and investments needed for a 
reduction of GHG emissions. Meanwhile, international shipping has significant impact 
on GHG emissions. According to the Third IMO GHG study (2014), international 
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shipping has exhausted approximately 961 million tons of GHG emissions in 2012, 
which accounts for approximately 2.1% of total amounts of GHG emissions on a CO2 
equivalent (CO2e) basis in the world, respectively (IMO, 2014). In the context of 
current situation and Paris Agreement, the Marine Environment Protection Committee 
(MEPC) of IMO has established an initial strategy that provides possible measures 
for reduction of CO2 appropriate to timelines at MEPC 72, in accordance with a 
roadmap approved by IMO member States (IMO, 2018a). Based on this strategy, IMO 
will accelerate member’s efforts to take effective measures for the contribution to the 
Paris Agreement goals.  
Air pollution is another issue that should be urgently addressed in the shipping 
industry. Pollutant emissions including NOx and SOx from ships might have serious 
impacts on human health, especially in coastal areas and port cities (Murena, 
Mocerino, Quaranta & Toscano, 2018). In response to this problem, IMO has 
contributed to work through development of a convention. In 2008, IMO Resolution 
related to the revised MARPOL Annex VI was adopted at MEPC 58, which requires 
reducing emissions of SOx, NOx and particulate matter in emission control areas 
(ECAs). After revising MARPOL Annex VI, MEPC decided that the limits of sulphur 
and particulate matter should be reduced to 0.10% in sulphur emission control areas 
(SECA) from 1 January 2015, and 0.50% sulphur fuel oil should be used from 1 
January 2020 in all areas (IMO, 2018b).  
To deal with these issues, innovative measures and further improvement of 
technologies related to energy efficiency in the shipping sector are necessary. IMO 
has already adopted global mandatory measures related to the reduction in GHG 
emissions from ships such as energy efficiency framework with a focus on EEDI and 
SEEMP, which are considered as short-term measures in the initial GHG strategy. 
However, these measures might not reach at the ambitious goals in the strategy to 
reduce CO2 emissions in shipping by at least 40% by 2030, seeking efforts towards 
70% by 2050, compared to 2008. Moreover, in order to address air pollution, 
governments and private sectors have recently made efforts to introduce alternative 
fuel; LNG as marine fuel; however, combustion of LNG provides the reduction of CO2 
by less 20% (Kumar et al, 2011). Although the introduction of LNG gives significant 
effects on air pollution, it could not be one of an effective solution for GHG reduction.  
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Renewable energy could be another option as marine fuel. In recent years, many 
technologies with renewable energy have been made in advance. For instance, as a 
source of wind energy, soft-sails, such as B9 Shipping’s 3,000 dwt bulker have been 
developed (Kantharia, 2017; IRENA, 2018). As for solar energy, the Aquarius Eco 
Ship, which focuses on key technologies that use wind and solar power as energy 
sources, is an ongoing design project by Eco Marine Power (EMP) (EMP, 2018). Even 
though there are some drawbacks; low power and high cost (Barnard, 2018; Mathias, 
2018), the limitless wind and solar energy can be used in order to assist power for 
propulsion, which could reduce fuel consumption and environmental negative impacts.   
Hydrogen would be one of the solutions as alternative marine fuel. Hydrogen fuel, 
compared to heavy oil fuel, is environmentally-friendly, which produces zero emission 
because it wastes only clean water. It reacts with oxygen gas within a cell that 
converts chemical potential energy into electrical energy. The system is widely called 
HFCs which can generate low-carbon heat and electricity while avoiding 
environmental impacts faced by other low-carbon technologies (Dodds et al., 2015). 
Technology maturity and commercial viability of HFCs are enough, and the level of 
technologies is continuously improving for many applications. For instance, as for 
transport sectors, HFCs have been already being used in many applications such as 
cars, forklifts, emergency backup systems and light-duty trucks, among others (Mann, 
2013). Currently, for example, two type of hydrogen powered fuel cells electric vehicle 
models have already been commercialized - Hyundai's ix35 fuel cell and the Toyota 
“Mirai” - though these will be joined by Honda's Clarity Fuel Cell later in 2017 (Lilly, 
2017). However, even though FC technology is used as maritime application in the 
offshore vessel, Viking Lady, hydrogen is not utilized as marine fuel. 
 
1.2 Problem statement/motivation 
In terms of environmental advantages compared to other fuels or systems, the 
shipping industry should consider applying HFCs to commercial vessels; however, 
there seem to be some challenging issues for progress in application of HFCs to ships, 
ie technical and practical problems, cost reductions and infrastructure for supplying 
hydrogen.  
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First, technical and practical problems related to HFCs on board are existing 
vibrations that may affect HFCs in dynamic situations which are found in 
transportation areas. Vibrations may contribute to exacerbating defects such as 
pinholes, cracks, and delamination, which lead to performance degradation and lack 
of durability (Ahmeda, Banana, Zua & Bazylak, 2011). Moreover, storage of hydrogen 
was limited on board because of the lack of space, which led to short time running.  
Secondly, it is essential to deal with costs for the purpose of commodification of HFCs. 
It is widely accepted that specific materials incorporated into tanks or catalysts are 
normally expensive. This problem could be seen in the automobile industry as well. 
Toyota's “Mirai”, for example, costs approximately £60,000, which is around twice as 
much as the standard-sized cars of Toyota (Lilly, 2017). Mass production of HFCs 
would provide economies of scale that may lead to decrease cost; however, it has not 
currently become a reality. Moreover, not only capital cost of fuel cells, but also 
hydrogen price should be taken into account. The price would be designed to maintain 
the equilibrium between demand and supply; thus, it is definitely not easy to predict 
the price. It would depend on production cost, supply cost, market price, and demand, 
storage cost, distribution cost, competing, non-energy markets for biomass (Demirbas, 
2017). In order to commercialize ships with HFCs, cost effectiveness is essential for 
the shipping industry, compared to another alternative fuels such as LNG marine fuel. 
Finally, the supply of hydrogen could be one of the problems. At present, even if ships 
with HFCs are produced, they cannot be freely operated at sea because of lack of 
supply fuel infrastructure. However, HFCs suppliers are unwilling to pay the capital 
cost of hydrogen fuel stations unless demand and supply for commercial shipping with 
HFCs are well developed. Furthermore, shipping companies are also unwilling to 
invest in ships with HFCs unless hydrogen bunkering is sufficiently prepared. This is 
known as the “chicken-and-egg” dilemma, which occurs in the automobile industry 
(Salomon, 2016). Toyota tried to simultaneously solve this issue with the introduction 
of the hydrogen-powered, “Mirai”, and keeps trying to produce it today (Muller, 2014). 
In order to build hydrogen fuel stations at port, enormous cost would be necessary. 
This means that not only one player, but also all the relevant players should make 
efforts to build them together. 
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1.3 Aims and objectives 
The purpose of this research is to clarify the above mentioned issues in detail, and 
seek for possible solutions by establishing hypotheses through case studies. In order 
to achieve the aim of this research, it would be essential to  
 Identify the characteristics of HFCs which can be possibly applied to commercial 
vessels, and discuss related economic policies 
 Summarize and discuss lessons learnt from the automobile industry 
 Establish the hypotheses and investigate economic feasibility of 
commercialization of ocean-going vessels with HFCs through case studies  
 Seek for possible solutions to introduce HFCs in the shipping industry in 
reference to the commercialization of it in the automobile industry 
 
1.4 Research questions 
This research will mainly discuss and analyze the following research questions: 
 Why and how could the automobile industry commercialize FCVs by overcoming 
cost challenging issues? 
 Is there any possibility to introduce of HFCs to shipping from the economic point 
of view? 
 How does the result of economic analysis affect decision making of ship owners?  
 
1.5 Methodology  
This research uses a quantitative approach as research method to provide deep 
analysis of the topic. Quantitative data are related cost from literature review or 
hearing provides real examples through the case study. To evaluate HFCs in an 
economic way, calculation of Life Cycle Cost (LCC) of HFCs with the Monte Carlo 
simulation method is conducted. The research approach is shown in Figure 1, and 
applies the following methodology:  
 Research characteristics of hydrogen and FC - Identification of advantage and 
disadvantage, and barriers to commercialize the vessel with HFC 
 Literature review analysis – Analysis of energy and economic policies from the 
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United States (US), the European Union (EU) and Japan to examine how the 
shipping industry addresses issues related to barriers, and how the automobile 
industry could commercialize HFC vehicles  
 Case study - Establishment of the system boundary of LCC, identification of 
selecting a ship and course, justification and calculation of LCC and Net Present 
Cost (NPC) through the method of the Monte Carlo simulation  
 Sensitivity analysis - Identification of how independent variable values will impact 
a particular dependent variable under given assumptions in terms of NPC, 
payback period 
 Decision making - Determination which option will be feasible or be acceptable 
for the practical use of HFC from the economic point of view with consideration 
to economic policies 
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Figure 1: A flowchart of the research approach through case study analysis 
(Source: Author, 2018) 
 
1.6 limitations  
Commercialization of FCV can be recognized as best practice in the shipping industry 
because the shipping industry belongs to the transport sector the same as the 
automobile industry. There are some common elements as a role of transportation for 
people and goods. Therefore, this research does not refer to other sector’s practice 
such as building, households and plants that utilize HFCs as electricity generating 
system due to different structure. For instance, in order to commercialize HFCs in the 
transport sector, it would definitely be necessary to consider the specific conditions 
such as vibration under certain circumstances and lifespan of HFCs. However, these 
conditions are not so important in other sectors. 
• Lesson learn from the vehicle 
industry’s practice
• Study of the use of HFC in 
shipping
Literature review analysis
• Characteristics of H2 and FC
• Advantage and disadvantage
• Barriers
HFC characteristic
System boundary 
for LCC
• Select ship and course
• Justification
• Calculation of LCC and NPC
Case Study
Sensitivity Analysis
Decision Making
PolicyRegulation
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Another limitation is lack of data for LCC calculation of HFCs. Collecting data 
regarding cost is a challenging issue since most of the data is considered as 
confidential information in private companies. Confidentiality becomes a barrier in this 
research. Moreover, LCC calculation does not consider practical problems such as 
limitation of space and weather conditions. 
 
1.7 Structure of dissertation  
The research analysis and findings will be structured according to the following layout: 
 Chapter 2 – HFCs characteristics and the market 
 Chapter 3 – Literature review (lessons learnt from the automobile industry) 
 Chapter 4 – Literature review (economic policies and maritime project) 
 Chapter 5 – Case study; Feeder services between Antwerp Port and Rotterdam 
Port 
 Chapter 6 – Discussion making from ship owners’ perspective 
 Chapter 7 – Conclusion and Recommendations 
 Appendices – Required input data, Results of calculations and Calculation basis 
of PB 
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2. Hydrogen and Fuel Cell characteristics and the market 
 
2.1 Hydrogen 
Serious environmental problems such as global warming or air pollution would be 
caused by the result of finding, transporting and burning conventional petroleum-
based ship fuels. However, when hydrogen is used as fuel, it essentially generates 
water vapor hydrogen and no pollution (Hordeski, 2008). Therefore, hydrogen is 
superior to fossil fuel in terms of environmentally-friendliness. Meanwhile, other 
cleaner fuel such as LNG or biodiesel are considered and attempted to be used as 
marine fuel as well as hydrogen. In terms of adaptation to FC, this chapter will identify 
advantages and disadvantages of hydrogen as fuel source for shipping and stress its 
superiority, compared to other fuel sources. 
 
2.1.1. The Nature of Hydrogen 
Hydrogen is the smallest and lightest of all gas modules and has characteristics of 
invisible, tasteless, colorless, non-polluting and renewable form of energy (DNV GL, 
2014; Hoffman, 2011), and this gas is the most abundant element in the universe. 
Hydrogen has an environmental perspective that it emits no carbon dioxide due to the 
fact that it contains no carbon. Moreover, hydrogen could be easily used as an energy 
carrier due to its storability, portability and flexibility (Ministerial Council on Renewable 
Energy, 2017). By taking advantage of these characteristics, some societies and 
industries have shifted into “hydrogen society”, and it is considered as universal fuel 
that could provide power to automobiles, aircraft, spacecraft, power plants and 
appliances, including gas stoves on the mountains (Hordeski, 2008). As a zero-carbon 
emission fuel, it is expected to be widely utilized. 
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2.1.2 Hydrogen as marine fuel 
Hydrogen as marine fuel faces some significant obstacles such as lack of reliability or 
high cost. However, compared to some other proposed alternative fuels, such as LNG, 
methanol and biodiesel, hydrogen has some advantages as marine fuel.  
First of all, hydrogen is superior to other alternative fuels in the environmental 
perspective. DNV GL investigates that CO2 emission of LNG from the tank to the 
propeller is more than 55 g/Mega Joule (MJ), and if using methanol from CH4, it is 
more than 70 g/MJ, whereas one of hydrogen it is zero in shipping, the same as 
biodiesel (DNV GL, 2018). Moreover, as for NOx emission, the emission of hydrogen 
is below 20%, compared to HFO-fueled Tier II diesel engines which is used as a 
baseline (100%). This value is sufficient to comply with Tier III NOx limits (DNV GL, 
2018). Therefore, hydrogen is the cleanest fuel produced by using RE.  
Secondly, the energy content of fuel is much higher than that of other fuels. According 
to the European Commission (EC), the energy content of hydrogen is 120 MJ/kg, 
which is around three times higher than that of other cleaner fuels, as shown in Figure 
2. Thus, high energy efficiency could be achieved by utilizing hydrogen as fuel (EC, 
2017).  
Lastly, hydrogen could be considered as alternative fuel because technologies and 
network regarding production, storage, transportation of hydrogen have already been 
matured (Oesterholt, 2018). As a result, there would be no matter in practical use so 
that commercial viability of hydrogen as marine fuel might be only a matter of time. 
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Figure 2. A comparison of energy content between Natural gas, Biogas and 
Hydrogen (Source: EC, 2017) 
 
2.1.3 Cost 
Although hydrogen has some advantages in practical use of hydrogen, the cost of 
hydrogen is significantly large. As shown in Figure 2, the price of natural gas, biogas, 
and hydrogen presents €1.103/kg, €1.103/kg and €9.5/kg respectively (EC, 2017). 
The reason why the price of hydrogen is extremely higher is that the infrastructure for 
hydrogen production, transportation and distribution is required. Due to the low 
volumetric energy density comparatively, hydrogen must be controlled and managed 
under a high pressure to liquefy at very low temperature (IEA, 2005). This process is 
very expensive in comparison to natural gas. However, this issue might leave room 
for discussion.  
First of all, hydrogen has an advantage of energy content of fuels and energy 
efficiency so that running costs in utilizing hydrogen for customers could be cheaper 
than one in other cleaner fuel. EC estimates that the hydrogen price (€) per 100 km, 
combined with fuel cost of hydrogen, is 4.275, which is lower than LNG and biogas 
(EC, 2017). In terms of running cost, hydrogen is a cost-competitive energy source. 
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Secondly, hydrogen demand will progressively increase based on the assumption that 
the market share of hydrogen-fueled vehicles will grow (Drennen & Schoenung, 2015). 
Thanks to the increase of its demand, the price of hydrogen may go down in the future. 
National Renewable Energy Laboratory (NREL) estimates that hydrogen fuel prices 
may fall by $2/kg in the range from 2020 to 2025 (Californifuel cell partnership, 2018). 
Japan also estimated the distribution cost will be reduced due to the expanding supply 
chain to Australia. Transport cost could be reduced by $2.46/GJ in the range from 
2025 to 2035 (Drennen & Schoenung, 2015). Availability of low cost materials and 
economy of scale can help decreasing production, distribution and transport cost, 
which leads to lower hydrogen price. 
Lastly, the fossil fuel price historically fluctuates. According to the Institute of Energy 
Economics (IEE), Japan, the LNG price follows the lead of the crude oil price track, 
and the price in 2016 was $7.23/MBtu, which is less than half of the price of more 
than $15/MBtu, as shown in Figure 3 (IEE, 2017). This is because OPEC member’s 
decision for production cut of oil, politics, supply and demand balance and long-term 
contract affecting to the oil price (Lioudis, 2018; Rogoff, 2016; EIA, 2018). Further, 
LNG prices are typically affected by its long-term contracts that are linked to crude oil 
or petroleum product prices (EIA, 2015). Therefore, in the future, the fossil fuel price 
could be higher than that of hydrogen. 
Figure 3. A price comparison between Natural gas, Biogas and Hydrogen  
(Source: EC, 2017) 
1.103 1.103
9.5
0
1
2
3
4
5
6
7
8
9
10
Natural gas Biogas
(biomethane)
Hydrogen
price (€/kg) (2015)
  
14 
 
 
 
Figure 4. Crude oil and LNG prices (Source: IEE, 2017) 
 
2.2 Hydrogen Fuel Cells (HFCs) 
FCs are the matured technologies and the most widespread used devices for the 
conversion of hydrogen into electricity (DNV GL, 2014). Hydrogen is not necessary to 
be used for FCs; however, the use of hydrogen as source for FCs generates important 
synergies and maximizes the potential benefits in terms of energy efficiency, energy 
security and preventing CO2 or other pollutant emissions (IEA, 2005). Currently, rising 
and fluctuating fossil fuel prices and a strong incentive for the reduction of 
environmental impacts have caused strong motivation for the development of fuel 
cells for maritime application (Tronstad, Åstrand, Haugom & Lanhfeldt 2017). 
Technology maturity of fuel cells is enough so that they have been widely 
commercialized in other areas, such as buildings, houses and vehicles. However, in 
the maritime sector, lack of commercial viability could become a barrier in practical 
use of fuel cells. Although there are some types of fuel cells that have already been 
developed, three types of fuel cells will be dealt with in this research, ie Proton 
Exchange Membrane Fuel Cell (PEMFC), Molten Carbonate Fuel Cell (MCFC) and 
Solid Oxide Fuel Cell (SOFC). Other types of HFCs have not been demonstrated as 
maritime applications at the current stage (Langfeldt, 2018). 
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2.2.1 PEMFC 
PEMFC, which has platinum-based electrodes and the electrolyte, is a humidified 
polymer membrane that plays a role of an electric insulator. The operating 
temperature should be 50 to 100°C. Excess 100°C possibly stops the system from 
working because the membrane needs to keep humid (Tronstad et al., 2017; Amirfazli, 
Asghari & Sarraf, 2018). PEMFC reacts with hydrogen and oxygen, and produces 
water in addition to electricity and heat. Due to water production from the results of 
the electrochemical reaction, water management is necessary for the proper 
operation of PEMFC (Laribia et al., 2018). In the PEMFC, the main reactions are 
occurring as following:  
Anode reaction: 
2H2 ➝ 4H+ + 4e- 
Cathode reaction: 
O2 + 4H+ + 4e- ➝ 4H2O 
Total reaction: 
2H2 + O2 ➝ 2H2O 
PEMFCs, due to the usability, have been utilized extensively in many applications. 
For instance, it is used in vehicles, the Alsterwasser passenger ship with 96 kW power 
and German Type 212A class submarines with 30-50 kW power respectively 
(Tronstad, et al., 2017). PEMFC can be operated at low temperature, which allows for 
flexible operation and less stringent material requirements. This is a suitable FC for 
transportation that could be achieved. The efficiency of the PEMFC system is 
moderate from 50% to 60% (Tronstad, et al., 2017).  
However, PEMFCs have some drawbacks. The cost of platinum catalyst is relatively 
high, and it can be poisoned by carbon monoxide and sulphur during operation 
(Hoffman, 2001; Tronstad, et al., 2017). Moreover, a pure hydrogen source is needed; 
otherwise, a separate steam reforming is required to produce the pure hydrogen from 
hydrocarbons. Meanwhile, CO2 and low levels of NOx will be emitted if hydrocarbons 
are used as fuel. From environmental perspectives, purification and cleaning of the 
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hydrogen are necessary for further use in PEMFC; however, it causes economically 
challenging issues (IEA, 2015).  
 
2.2.2 MCFC 
MCFC, which has a molten carbonate salt of the electrolyte, can be operated at high 
temperatures between 600-700°C, and does not need to have external reformers 
(Tronstad et al., 2017). A nickel alloy is normally used as the anode and nickel oxide 
is used as the cathode with lithium incorporated in the structure. The MCFC has been 
used on the offshore vessel, Viking Landy, in the FellowSHIP project (Tronstad et al., 
2017). Viking Lady, which is the only commercial vessel to use fuel cell technology, 
was developed with 320 kW fuel cell using LNG and has been deployed in the North 
Sea (Gonzalo-Muños, Mas-Soler, Navarro & Leo, 2013). Internal reforming of LNG 
and fuel cell reactions are following:  
 
Internal reforming of LNG: 
Steam reforming: 
CH4 + H2O ➝ CO + 3H2 
Water-gas-shift: 
CO + H2O ➝ CO2 + H2 
Total reaction from reforming: 
CH4 + 2H2O ➝ CO2 + 4H2 
 
Fuel cell reactions 
Anode reaction: 
2H2 + 2CO32- ➝ 2H2O + 2CO2 + 4e- 
Cathode reaction: 
O2 + 2CO2 + 4e- ➝ 2CO32- 
Total reaction for fuel cell: 
2H2 + O2 ➝ 2H2O 
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Due to the high temperature, MCFC is suitable for a heat recovery system. Therefore, 
the total efficiency for a MCFC could be relatively high by 85% up to 90% (IEA, 2005; 
Tronstad et al., 2017). Moreover, the high temperature allows the MCFC to be flexible 
towards the choice of fuel, which means LNG and flue gases from coal and hydrogen 
can be used. However, there are some disadvantages of these fuel cells. The high 
temperature operation makes it vulnerable to negative effects such as corrosion and 
cracking of components (Tronstad et al., 2017). Another drawback is that by using 
hydrocarbons, CO2 emissions possibly come from the system, and also, the 
subsequent heat and energy recovery systems have the potential for some NOx 
emissions. Even if hydrogen is used as the fuel, CO2 will come from the circulation to 
regenerate carbonate in the electrolyte (Tronstad et al., 2017). On top of that, MCFCs 
are not suitable for vehicles because their high operating temperatures need to take 
a long start-up time and this makes it vulnerable to negative impacts such as corrosion 
and cracking of components (IEA, 2005; Tronstad et al., 2017).  
 
2.2.3 SOFC 
SOFC can be operated at high temperature as well as MCFC, by between 500-
1000°C. A porous ceramic material is used in the electrolytes. SOFC uses a nickel 
alloy as the anode, and normally, lanthanum strontium manganite is used in the 
cathode. SOFCs have been generally used in large scale power production on shore, 
with capacities up to 10 Mega-Watt (MW). Several projects have been demonstrated 
regarding SOFCs as maritime application, including the Methapu, Felicitas and 
SchIBZ projects (Tronstad et al., 2017). SOFC is flexible toward fuel, being able to 
use hydrogen, LNG, methanol and hydrocarbons as fuel. The emission from SOFC is 
CO2 unless hydrogen is used as fuel. The reactions that happen in the SOFC are the 
following: 
 
Internal reforming of LNG: 
Steam reforming: 
CH4 + H2O ➝ CO + 3H2 
Water-gas-shift: 
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CO + H2O ➝ CO2 + H2 
Total reaction from reforming: 
CH4 + 2H2O ➝ CO2 + 4H2 
 
Fuel cell reactions 
Anode reaction: 
2H2 + 2O2- ➝ 2H2O + 4e- 
Cathode reaction: 
O2 + 4e- ➝ 2O2- 
Total reaction for fuel cell: 
2H2 + O2 ➝ 2H2O 
 
The efficiency SOFC could be as high as 85% or higher, if a heat recovery system 
can be applied. There are two kinds of SOFCs, ie planar and tubular. The tubular 
SOFC is more stable in terms of thermal cycling, whereas the planar SOFC is 
recognized as the more suitable design due to high energy density (Tronstad et al., 
2017). Combing SOFCs with a battery will reduce thermal strain and achieve a more 
flexible operation. The current progress in development of SOFC will contribute to a 
longer lifetime with more than 50,000 hours, which may make them improve 
operational flexibility and lead to reducing investment costs to below 2,000 $/kW by 
between 2025 to 2035 (IEA, 2015). 
 
2.2.4 Summary 
Table 1 shows a comparison of three types of HFCs. PEMFC has some advantages 
of user-friendliness by low temperature and environmental friendliness; meanwhile, 
MCFC and SOFC will maintain high energy efficiency and do not need to consider 
sensitivity of fuel impurities. 
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Table 1. A comparison of three types of HFCs 
 PEMFC MCFC SOFC 
Temperature (°C) 50-100 600-700 600-700 
Electricity 
Efficiency (%) 
50-60 50-85 60-85 
Module Power 
levels (kW) 
50-100 200 200 
Lifetime (hours) 40,000 20,000~30,000 20,000~40,000 
Sensitivity to fuel 
Impurities 
high low Low 
Emission zero CO2 and NOx (if 
hydrocarbon is 
used as fuel) 
CO2 (if 
hydrocarbon is 
used as fuel) 
(Source: Author, 2018) 
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3. Lessons learnt from automobile industry  
(as an example of Toyota) 
 
In recent years, since the environmental negative impacts and GHG emissions of road 
transport have been increasingly alarming, policy makers and automobile 
manufacturers around the world have changed track to sustainable transport solutions. 
As a matter of fact, in order to take the place of the traditional internal combustion 
engine vehicles fueled by gasoline or diesel, alternative fuel vehicles, including FCVs 
fueled by hydrogen, Battery Electric Vehicles, Hybrid Electric Vehicles, and vehicles 
fueled by natural gas or bio-fuels, have been developed by automobile manufacturers 
(Zhang et al., 2016). Especially, Toyota, which is well known as one of the leading 
automobile manufacturers in the world, has actively made efforts to introduce 
hydrogen fueled-power vehicles in the market. After the breakthrough, there are 
currently many automobile manufacturers, which are increasingly progressing for the 
commercialization of FCV (Alaswad et al., 2016). They were faced with some issues 
with respect to cost, technology and infrastructure; however, they finally overcame 
these issues and achieved to develop sustainable transport. This chapter will identify 
the automobile manufacturer’s efforts in collaboration with stakeholders in the process 
of commercializing FCV fueled cars by hydrogen, and discuss how the automobile 
industry has overcome barriers, especially the economic barrier. 
  
3.1 Technology maturity 
Before 2000, the FCV concept design had been introduced by some automobile 
manufacturers, and demonstration and testing of the basic principles had started to 
develop (Strategy Advisory Committee, 2018). At the beginning, the automobile 
manufactures had to solve three big issues regarding technology over several years: 
the cruising range should be increased, cold start should be enabled from under 
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degrees, and refueling times should be lowered to about a couple of minutes (Yoshida 
& Kojima, 2015). Meanwhile, Toyota has already solved these issues by producing 
“Mirai” due to enormous efforts and long-term R&D. Since 1992, the development of 
FC system in Toyota has been implemented, and it was successful in achieving 
incremental advances that have been incorporated to overcome such technical issues 
(Bono et al., 2009). However, further development regarding technologies of FCV was 
necessary to encourage the widespread adoption of FCV in the market due to lack of 
safety and reliability. In order to improve the reliability, Toyota has developed a flow 
field structure, improved electrode and reduced size and weight of FC stack (Nonobe, 
2017; Yoshida & Kojima, 2015). With respect to improvement of safety, the hydrogen 
storage tank was improved to prevent hydrogen leaks, detect and stop leaks, and 
prevent the accumulation of hydrogen. In addition, risk management related to a high 
degree of collision safety was well improved by strengthening its layers to protect the 
FC stack and high-pressure hydrogen tank from deformation caused by shock or a 
collision with vehicles (Nonobe, 2017; Toyota, 2018a; “Toyota Engineers Testing”, 
2016). As a result, Toyota could significantly develop these technologies to the extent 
that high-level reliability and safety would be gained. 
 
3.2 Economic perspectives 
Technologies regarding FCV have been developed by the industry’s efforts for many 
years; however, commercial viability of FCV is not limited to just mature technologies. 
The most significant issue is high cost. In fact, Toyota was successful to achieve a 
certain degree of cost reduction by way of improving performance of FCV in the 
process of the development of technologies. Meanwhile, compared to the other types 
of vehicles, the price of FCV, “Mirai” and is still higher, ie around $63,540 (1 dollar 
equals to 110.5 yen in August 2018) (Toyota, 2018a). Likewise, the price of other 
FCVs, “Clarity Fuel Cell” produced by Honda is around $69,430 respectively (Honda, 
2018). These manufacturers are not currently able to reduce the price because of high 
cost of HFC and other high cost applications, such as the hydrogen tank. 
Nevertheless, why have the automobile manufacturers decided to commercialize the 
high price car? What do they expect from FCV in the future? The answer is a well-
formulated strategy, namely further development of technologies, financial support 
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from the government, collaboration with other companies, hydrogen supply logistics 
and economic mutual benefit with other industries. 
 
3.2.1 Further development of technology regarding FC 
Due to short time to start up and favorable power-to-weight ratio, PEMFC is 
particularly suitable for the use in road transportation such as cars and buses 
(Alaswad et al., 2016). However, PEMFC has a costly catalyst that consists of specific 
precious metal, platinum. Toyota; therefore, they tried to reduce the amount of 
platinum in a catalyst, and a new catalyst with less than 20% fewer precious metals 
has been exploited (Vagus, 2017; Yoshida & Kojima, 2015). Thanks to the improved 
system, a huge impact on the overall price of the vehicles can be expected, which 
would be attractive for customers to purchase FCV. Moreover, Yoshida and Kojima 
(2015) pointed out that technology for efficient exhaust heat management is 
necessary. PEMFC is usually operated at around from 60 to 80 °C, whereas the 
conventional vehicle is operated at around 110 °C. The difference of temperature 
shows the possibility to improve energy efficiency by the effective use of heat. In 
addition, according to Tanaka, a head of development in Toyota, indicated that a 
smaller and higher-powered FC system will be required toward widespread use of 
FCV (“Toyota sticks to”, 2018). Therefore, it is clear that there is room for improvement 
of technologies, and this will lead to cost reduction. 
 
3.2.2 Financial incentives from government 
The price of FCV is extremely higher than the conventional vehicles, so the 
automobile manufacturers have utilized financial support, such as subsidies from 
government and encouraged customers to purchase FCV with a reasonable price. 
Table 2 shows that each government has implemented financial measures for 
purchasing FCV or “Mirai”, which are available for customers or the automobile 
manufactures.  
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Table 2. Each country’s financial measures for customers or the automobile 
manufactures 
Country Support 
type 
Aim Amount (year) Customers’ 
benefit 
US FC R&D To enable FC 
and hydrogen 
fuel to be 
competitive 
$105,500 Indirect 
UK Subsidy To encourage 
customers to 
purchase 
“Mirai” 
£ 600 million 
(Total) 
Direct 
Japan Subsidy 
(National and 
Regional) 
To encourage 
customers to 
purchase 
“Mirai” 
National: 
¥2,020,000 
Regional (Tokyo): 
¥1,010,000 
Direct 
(Source; Authors, 2018) 
The US Department of Energy (DOE) established the Fuel Cell Technologies Office 
that plans and implements a comprehensive strategy which addresses barriers to 
commercialization (US DOE, 2018a). This office is supposed to implement Research 
& Development (R&D) regarding HFC and improve the quality of HFC, which would 
lead to decreased costs for private sectors. The UK and Japan have prepared a direct 
subsidy for the customers of “Mirai”. In Japan, they can purchase it at more than 40% 
discount price. These financial incentives will overcome the economic barrier to 
introduce FCV for customers. As in the case of Germany, even though Germany has 
a subsidy for customers to introduce eco-friendly vehicles, customers who purchase 
“Mirai” are out of the scope; thus, they cannot get benefits in Germany because of the 
high price (“There is few”, 2016). Nevertheless, Toyota has decided to introduce “Mirai” 
in Germany because hydrogen refueling stations have already been installed in 
advance (Minoru, 2015). 
 
3.2.3 Collaboration with private sectors 
Not only governmental financial support, but also collaboration with private sectors 
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would be necessary to establish a hydrogen society. There are two reasons, ie, to 
strengthen organizational ability to develop hydrogen technologies, and to promote 
the deployment of hydrogen stations. Toyota has interacted well with other companies 
which try to follow the same path to address these issues. The Hydrogen Council (HC), 
which was launched at the World Economic Forum 2017, in Davos, is a global initiative 
of leading energy, transport and industry companies with a united vision and long-
term ambition for hydrogen to foster the energy transition (HC, 2018). Many 
automobile manufactures, oil majors and hydrogen suppliers take part in the HC to 
exchange or share information, and members invite policy-makers, investors and civil 
society stakeholders who acknowledge the contribution and potential of hydrogen as 
a key element of the energy transition. These efforts will help accelerate major 
investments into large-scale commercialization of hydrogen solutions across 
industries. 
In parallel, to lead to the world-wide prevalence of FCV, Toyota has an agreement with 
other vehicle manufactures and oil and gas majors to make efforts to increase the 
number of hydrogen stations. The key issue to be solved for commercialization of 
FCV is to improve infrastructure; in other words, deploy hydrogen stations. Before 
commercializing FCV, the “chicken-and-egg” dilemma is recognized as a significant 
issue (Salomon, 2016). Although the problem is difficult to solve, Toyota has tackled 
this issue actively. In 2018, Japan H2 mobility (JHyM) was established to facilitate the 
construction of hydrogen stations in Japan. Toyota is a member of this association 
and plays a role in the entrustment of business to infrastructure providers. As just 
described, Toyota makes efforts for the widespread use of FCV by creating an 
environment of user-friendliness.  
 
3.2.4 Hydrogen supply chain 
Pricing on hydrogen fuel is recognized as a barrier for users; thus, stakeholders must 
address this issue by assisting in controlling hydrogen logistics. The key consideration 
of the logistics is to establish a large-scale and stable supply chain which may 
contribute to secure production and reduce cost of hydrogen. In Japan, for instance, 
concerning the current fragile supply chain, the project of securement for stable 
production of hydrogen, and well-established technology related to transport and 
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storage have been taken designed. In 2016, Kawasaki Heavy Industries, Ltd. (KHI) 
and other companies organized an association and started a pilot CO2 free Hydrogen 
Energy Supply Chain project to demonstrate the technology necessary to develop, 
store, transport and deliver liquefied hydrogen from Australia to Japan in collaboration 
with both country’s governments (Takaoka et al., 2017). Thanks to these efforts, the 
project may be able to develop the complete logistical chain and achieve reduction of 
hydrogen fuel price for users. 
 
3.2.5 Mutual economic benefits with other industries 
Toyota’s elaborate strategy is to aim at further developing the promotion of hydrogen 
and gaining economic mutual benefit. In 2018, Toyota made a contract with Seven-
eleven, which is a leading convenience store in Japan, to implement the projects that 
provide hydrogen stations and FCV trucks as trials. From the convenience stores’ side, 
they can get benefit not only from environmental impacts, but also from further 
utilization of hydrogen by FCV users. From Toyota’s side, on the other hand, they can 
achieve the stable hydrogen supply for users and promote further utilization of FCV if 
convenience stores deploy hydrogen stations. This is because convenience stores 
are deployed throughout the country, and people have familiarity with them (Katayama, 
2018). This project will be helpful for both companies to promote the utilization of 
hydrogen and FCV, if it goes on line. 
 
3.3 Findings and Discussion 
It is absolutely clear that Toyota has made enormous efforts for the widespread use 
of FCV, “Mirai”. From the technological aspects, Toyota has achieved safety and 
reliability of technologies, while there is an issue left for cost reduction. However, due 
to technical maturity, Toyota believes that cost reduction will be achieved in 
collaboration with other stakeholders. 
Based on the lessons learnt from the automobile industry, further development of 
technology is necessary to ensure safety, reliability and cost reduction for 
commercialization; however, there are no players who can afford to implement long-
term sufficient R&D in the maritime industry because of weak financial basis. As in the 
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case of Toyota, Toyota could achieve the goal since they have continuously developed 
relevant technologies for a long time. However, the scale of business in the shipping 
industry is smaller than the one in the automobile industry. Due to the financial 
capacity, there is no one who has a leading role to commercialize vessels powered 
by HFCs, although Toyota exercises leadership. 
In addition, looking at the characteristics of the maritime industry, the players become 
diverse and each player does not have a platform which agrees on cooperation on 
sharing knowledge and experience or promotion of investment. Therefore, if the 
government provides financial aid to each stakeholder, these aids might not be 
effective to develop technologies. Accumulation of know-how or experience regarding 
technologies in each company would not be expected, which does not significantly 
affect improvement of technologies. Therefore, the maritime industry should become 
more cohesive among stakeholders than in the automobile industry in order to help 
each other. It may be preferable that the government becomes a leader to push back 
private sectors to promote HFCs for maritime applications in the maritime industry. 
In addition, the maritime industry should plan a well-established strategy to 
commercialize vessels with HFCs. Even though Toyota has already developed FCV 
technologies, there is a need to have an elaborate strategy to promote hydrogen 
economy. However, as the characteristics in the maritime sector, shown in Table 3, 
only the environmental driver for introduction of HFCs exists, while the automobile 
industry has economic benefits. It means that private sectors in the maritime industry 
do not have enough strong motivation to introduce HFCs in the market. Therefore, 
improvement of technologies or any actions of stakeholders related to 
commercialization will go back and forth. In conclusion, due to this weakness, the 
maritime industry should make more efforts to overcome these barriers. 
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Table 3. A comparison of each industry’s characteristic 
 Maritime industry Automobile industry 
Objectives Commercialization of HFC 
powered vessel 
Commercialization of FCV 
Users Ship owners or Shipping 
companies 
citizen 
Suppliers Ship builders and Ship 
machinery manufacturers 
Automobile manufacturers 
Key player None Toyota (car manufacturer) 
Bottle neck R&D, hydrogen supply 
chain, infrastructure, cost 
Infrastructure, cost 
Governmental 
support 
Indirect subsidy (R&D, 
demonstration of projects) 
Direct subsidy for tax 
reduction and price 
reduction to users 
Collaboration with 
private sectors 
regarding HFCs 
No Yes (Cooperation for 
sharing knowledge and 
experience, investment) 
Economic benefit No (driver is only 
environmental regulation) 
Yes 
(Source; Author, 2018)   
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4. Economic policies and maritime projects 
 
With reference to lessons learnt from the automobile industry, shipping companies will 
not be able to achieve commercialization of HFCs for maritime application without 
regulators’ or a third party such as ports’ support. Following the track of Toyota, it 
could be found that Toyota has been faced in the same direction with the government 
and other private companies which are positive to hydrogen economy in the future. 
Thus, commercialization of HFCs in the shipping industry would be not only a task for 
private sectors, but also a task for the government. This chapter will focus on the 
government’s efforts such as economic policies of HFCs and discuss what the 
government can do for the shipping industry in order to meet their goals. 
 
4.1 Economic policies and projects in the shipping industry 
IMO member States, the US, the EU and Japan have actively been involved in 
environmental issues and led discussions regarding the latest technologies in MEPC. 
Short summaries of each government’s effort, in collaboration with private sectors, for 
introduction of HFCs are highlighted below.  
 
4.1.1 United States 
Concerning over growing dependence on imported petroleum, and deteriorating air 
quality by emissions generated from fossil fuels, the US has undertaken policies and 
regulations to encourage the development and advances in hydrogen and FC 
technologies since the 1970s. Since US DOE was established in 1977, many policies 
and regulations have been provided with respect to federally supported hydrogen and 
FCs R&D (US DOE, 2018b). For instance, Energy Policy Act (EPACT) of 1992 was 
established for the purpose to develop and implement a comprehensive program of 
R&D, and demonstration of FCs and related systems for transportation applications. 
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This act was reviewed in 2005, which broadened the scope to the extent to conduct 
R&D on technologies related to the production, purification, distribution, storage, and 
use of hydrogen energy, FCs, and related infrastructure with collaboration with other 
governmental organizations and the private sector (EPACT, 2005). In response to the 
Act, US DOE has established a plan to incorporate hydrogen and FCs into a part of 
DOE’s portfolio of R&D activities for emerging clean energy technologies (US DOE, 
2011). In addition, DOE has enough budget for development of HFCs every year. 
According to the statistics, the total funding for hydrogen and FCs from 2007 to 2016 
is 2.18 billion $ (DOE, 2017). Moreover, in 2017, approximately $15.8 million for 30 
new projects aimed at improving technologies were granted (“DOE to award”, 2017). 
In conclusion, US has sufficiently supported private sectors for improvement of 
technologies over a period of time. 
 
4.1.2 EU 
The EU has taken particular note of hydrogen as an energy source in collaboration 
with FCs, and it will help fuel mix for enhancing energy security, reducing fossil fuel 
dependency, and GHG emission and air pollution. EC has started to support 
developments of hydrogen and FCs since the 1990s and has implement some 
research and projects that have improved technology regarding performance and 
durability and helped reducing costs (EC, 2018b). In particular, EC has established 
the European Strategic Energy Technology (SET) Plan which considers FC and 
hydrogen technologies as essential factors for contributing to reaching the ambitious 
goals of energy and climate policy (EC, 2018a). The Fuel Cells and Hydrogen Joint 
Undertaking (FCH JU), which is a platform as a component of the SET plan, has 
committed to support research and technological development and demonstration 
activities in FC and hydrogen energy technologies. The remarkable work undertaken 
in the FCH JU demonstrates the feasibility and viability of these technologies and 
helps to bring them to the market. 155 research and demonstration projects have 
been implemented by €450 million, with the budget of €1.4 billion (2014-2020) (FCH 
JU, 2015). As describe above, the EU has established a strategic plan to assist in the 
development of HFCs in an economic way as well as the US. 
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4.1.3 Japan 
In response to global efforts such the Paris Agreement, and to the breakaway from 
dependency on nuclear power after the Great East Japan Earthquake in 2011, Japan 
has to take into account another way to ensure energy security instead of fossil fuels 
in order to reduce GHG emission. Based on the current situation, Japan has 
established a national energy policy to make efforts to realize the so-called “3E+S” – 
energy security, economic efficiency and environment, plus safety. This policy will 
change the existing energy supply structure and give transition to a new energy 
system by use of innovation, including the development and diffusion of innovative 
technologies that can significantly reduce GHG emissions (METI, 2017). One of the 
pillars in this policy is to achieve a hydrogen society and economy. In accordance with 
this policy, the national hydrogen strategy to develop related technologies and 
accelerate innovation toward 2050 was established in 2017. Based on this strategy, 
around Yen 49 billion will be secured for the budget to encourage hydrogen economy 
in 2018 (METI, 2018). 
 
4.2 Projects for maritime applications 
Following the economic policies, some hydrogen and FC research or studies have 
been implemented in the US. For instance, the project, “Zero/V Hydrogen Fuel-Cell 
Coastal Research Vessel”, which was designed to evaluate the technical, regulatory, 
and economic aspects of designing, building and operating coastal research vessels 
powered by HFC. Through this project, Sandia concluded that FCs powered by LH2, 
produced through the use of RE, was the best solution. Moreover, it was 
demonstrated that the vessel with a capacity of 11,000 kg could operate at a speed 
of 10-knots over a 2400 nautical mile range (Sandia National Laboratories, 2018; DNV 
GL, 2018). Other six projects have also been implemented by the Sandia National 
Laboratories funded by US DOE. 
Meanwhile, in the EU, some maritime projects have been demonstrated as well as in 
the US. The Fellow-SHIP project, for example, was initiated by DNV, Eidesvik, and 
Wartsila in 2003. The project was developed in three phases and was funded by the 
the Research Council of Norway, Innovation Norway and the Eureka network (“Fuel 
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cell system”, 2012). In this project, the Viking Lady, which is the only commercial 
vessel to use fuel cell technology, was developed and has been deployed in the North 
Sea (Gonlaro-Muños et al., 2013). E4Ships is another project in which a 100 kW 
containerized SOFC system was demonstrated as the auxiliary power supply of 
commercial ships. (Tronstad et al, 2017).  
In Japan, however, only one project has been stared since a few years ago. The 
research project for maritime application of HFCs under the national policy is currently 
in progress. The demonstration of a hydrogen fuel cell-powered boat by Yammer and 
other stakeholders has been successfully tested, and it contributed to developing the 
guidelines for safety of hydrogen fuel cell-powered ships in cooperation with the 
Ministry of Land, Infrastructure, Transport and Tourism in Japan (MLIT) (Yanmar, 
2018).  
 
4.3 Findings and discussion 
The US and the EU have sufficient budget and projects that cover technological, 
regulatory and economical aspects. Therefore, they are now focusing on cost 
reduction that is a most difficult issue because there is a need for not only further 
development of technologies but also production, delivery and supply chain 
infrastructure which should be considered. On the contrary, while Japan has 
confirmed sufficient budget in recent years, there is no accumulation of knowledge 
and experience, compared to the US and the EU. 
There has been no fund to develop HFCs for maritime applications in Japan, contrary 
to the US and the EU. Thus, regulations or government support to provide financial 
assistance for advanced HFCs is necessary if there is a need to commercialize HFCs 
in the shipping industry in Japan. Meanwhile, the US and the EU have well established 
the related regulatory framework and the projects for widespread HFCs have already 
been demonstrated. Therefore, ship owners have advantages of the introduction of 
HFCs in the market in these areas in terms of well-prepared governmental support. 
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5. Economic Analysis through A Case Study;  
Feeder Services between Antwerp Port and Rotterdam Port 
 
Many countries and private sectors move gradually in the direction of the hydrogen 
society, and HFCs have been commonly used in some businesses as an 
environmentally friendly technology. As in the case of the transport sector, they have 
been commercialized in the automobile industry, and the level of technology is further 
developing toward the future. On the other hand, the shipping industry has not paid 
attention to this technology yet due to the cost aspect. From the ship owners’ 
perspectives, their priority is to make a business successful, and their preference is 
how to solve the cost aspects and get benefits such as LCC or NPC. Therefore, in 
order to understand whether HFCs can be introduced to the market, a case study (see 
Figure 5) is performed to calculate these values. Moreover, the analysis will mainly 
focus on how the result of the calculations regarding costs affect ship owners’ decision 
making to introduce HFCs.  
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Figure 5. A concept of case study (Source: Author, 2018) 
 
5.1 The ship specification  
Through the case study, LCC and NPC will be calculated, and the results will be 
analyzed from the economic point of view. In this case study, a containership is 
considered as a model with HFCs. Hapag-Lloyd has provided a weekly feeder service 
with maximum 2,400 TEU calling at Antwerp, Rotterdam and other ports in short-sea 
shipping (Port of Antwerp, 2017). The ship’s name is Valencia Express (see Figure 6). 
This case study hypothesizes that the service is provided at only Antwerp Port and 
Rotterdam Port. The main characteristics of this containership are identified as follows 
(see Table 4): 
 
Port of Rotterdam
• Hydrogen station
• Pipe line
Port of Antwerp
• Hydrogen station
• Pipe line
Containership (2,400TEU)
• Fuel cell system (MCFC, SOFC, 
PEMFC)
• Battery
• Converter
• Inverter
• Hydrogen tank/reformer
Hydrogen production
Hydrogen production
Transportation
Transportation
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Figure 6. Valencia Express 
 
Table 4. Main characteristics of Valencia Express 
TEU 2,400 
Deadweight (dw) 34,334 
Gross Tonnage (GRT) 33,735 
Length overall (m) 216 
Breadth overall (m) 32 
Speed (kn) 19 
Power (kW) 20,949 
Year Built 1995 
(source; Hapag-Lloyd, 2018) 
 
 
The year built is 1995, which is senior than other ships. In this case study, the age of 
this ship will be assumed zero, which means it will be considered as a new ship and 
its lifetime can be set as 25 years. As for the power of the auxiliary engine, the study 
shows that, typically, the auxiliary power of feeders goes from 300 kW to 2,500 kW, 
and a range from 3,500 kW to 5,000 kW may be required very few times (Melo & 
Echevarrieta, n.d.). Based on this study, the assumption could be provided as the 
number of auxiliary engines is three, and each engine power reaches at 2,000 kW as 
shown in Table 5.  
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Table 5. Assumption of ship specification 
Year Built 2018 (Lifetime; 25 years) 
Number of Auxiliary Engines 3 
Auxiliary Engine Power (kW) 2,000 
 
 
5.2 Feeder Service between Antwerp and Rotterdam ports 
This case study puts the assumption that the containership makes a round trip 
between the port of Antwerp and the port of Rotterdam. Figure 7 shows the duration 
of a round trip between the port of Antwerp and the port of Rotterdam. The distance 
between these ports is 144 nautical miles (nm) (approximately 267 km), and given 
that the ship speed at sea is average 18 knots, the total time spent on a round trip is 
supposed to be 1.96 days (around 47 hours) (Port.com, 2018), including port time, 
0.68 days per each port (Portopia, 2017). Port time typically constitutes waiting time, 
maneuvering time, productive time and idle time (IMO, 2016). The feeder service will 
be able to be provided three times in a week based on the time on a round trip; 
therefore, operation time can be set as 7,338 hours per year.  
 
 
Figure 7. Time of a round trip between port of Antwerp and port of Rotterdam  
(Source: Author, 2018) 
 
Port of RotterdamPort of Antwerp
267 km 
0.3 days (18 knots)
At Sea
1 round trip = 1.96 days
Port Port
Port time
 Waiting time
 Maneuvering time
 Productive time
 Idle time
Port time
 Waiting time
 Maneuvering time
 Productive time
 Idle time
…
0.3 days (18 knots)
0.68 
days
0.68 
days
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- Justification 
There are several reasons why these ports are selected for the case study. First of all, 
from geographical perspectives, the short distance route may be suitable for vessels 
with HFCs because of its short lifetime. The distance between these ports is less than 
300 km, so if a problem related to HFCs occurs during navigation, it will be able to be 
quickly be repaired at either port. Secondly, plants for production and pipelines for 
delivering hydrogen have been invested in both ports by private sectors. In Rotterdam, 
Air Liquide, which is a player, who supplies industrial gases and services to various 
industries, has a long-term contract to supply hydrogen to meet the industrial gas 
requirements. As well as hydrogen plants, Air Liquide’s Northern European hydrogen 
network has been deployed, whose length is more than 900 km (Air Liquide, 2008). 
Figure 8 shows that the industrial gas pipelines, including hydrogen pipelines, have 
been deployed from the port of Rotterdam to other cities. It has been connected with 
Antwerp (port of Rotterdam, 2018).  
 
 
 
Figure 8. Industrial gas pipelines (Source; port of Rotterdam, 2018) 
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5.3 System boundary 
Table 6 shows the system boundary which is considered as a scope of LCC in this 
case study. As shown Table 6, three types of HFC and auxiliary systems for HFCs will 
be applied to each life cycle stage, ie production, installation, operation and recycle 
for calculation of LCC.  
 
Table 6. The system boundary of LCC 
The system boundary of LCC 
  
Fuel type  Equipment 
Life cycle stage 
  Manufacturing Installation Operation Recycle 
HFC Hydrogen 
PEMFC 
Production 
cost 
(Capital cost) 
Installation 
cost  
(on board) 
Operation & 
Maintenance 
cost 
Platinum  
MCRC 
- 
SOFC 
HFCs 
support 
system 
Hydrogen 
Hydrogen 
tank 
Hydrogen 
cost,  
Maintenance 
cost 
Natural 
gas 
Reformer 
- 
LNG cost 
Maintenance 
cost 
Electricity 
Converter 
- 
Battery  
Inverter 
Motor 
(Source: Author, 2018) 
 
Following is the assumption and limitation of each item in Table 6: 
- FC stack 
This research will focus on three types of HFCs as marine applications, namely 
PEMFC, MCFC and SOFC. As stated already, there are other types of commercial 
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HFCs; however, they have not been demonstrated as maritime applications at present 
(Langfeldt, 2018). Therefore, the scope of this research is limited to just three types. 
PEMFC has already been developed and commercialized by the automobile industry, 
thus the reliability of PEMFC has already been certified. Moreover, it will have a 
practical use as marine application due to low temperature operation. In addition, 
PEMFC could reduce the capital cost by further advanced projects in the future. US 
DOE estimated that the capital costs of automotive PEMFC systems by 2020 and 
2025 are approximately $47/kW and $40/kW, respectively, if manufactured at a 
volume of 100,000 units per year and $43/kW and $36/kW, respectively, if 
manufactured at a volume of 500,000 units per year (US DOE, 2017). MCFC and 
SOFC have higher electrical efficiency potential, ranging from 50–85% thanks to high 
temperature, which could be used as substitute for the typical marine diesel engine 
that has an efficiency of 40–50% (Grahn, Taljegård, Bengtsson, Andersson & Johnson, 
2013). The reformer is installed in both MCFC and SOFC, and natural gas is used as 
fuel to produce hydrogen within each system. 
- Auxiliary system 
The H2 tank for PEMFC, the LNG tank for MCFC and SOFC, and inverter, converter, 
battery and motor for all types of HFC are considered. A limitation is that the other 
Balance of Plant (BOP) installation cost and O&M cost except the reformer would be 
ignored based on the assumption that these costs are extremely small. 
- Life cycle stage 
Production, Installation (Tank), Operation and Recycle stages are considered as 
components of life cycle stages in this case study. In the production stage, only 
CAPEX of HFCs and auxiliary systems are used in the calculation. The cost regarding 
production of hydrogen and natural gas and its operation is out of the scope of this 
case study. Hydrogen and LNG delivery costs, including transportation cost or 
pipelines installation cost, are ignored based on the assumption that the pipeline to 
deliver both types of fuel has been deployed in both ports from the factory.  
- Recycling 
PEMFC consists of platinum that is extremely higher cost than other metals included in 
the FC. MCFC and SOFC do not include it; hence, only platinum in PEMFC is considered 
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as recycle cost. The assumption is that the cost of other metals, such as iron would be 
ignored because the cost of them is so much smaller compared to platinum.  
 
5.4 Scenario 
Four scenarios have been prepared for this case study. Scenario 1, 2, 3 and 4 provide 
500 kW, 1,000 kW, 1,500 kW and 2,000 kW of HFC power respectively. Figure 9 
shows the system boundary in the case of scenario 1, 2 and 3. Components are tanks 
for HFCs, reformer, HFCs, converter, inverter and battery.  
 
 
Figure 9. System boundary of scenario 1, 2 and 3 (Source: Author, 2018) 
Figure 10 shows the system boundary in the case scenario 4. As shown in Figure 10, 
scenario 4 tests the assumption that the auxiliary engine would be replaced by HFCs. 
Instead of the auxiliary engine, a motor for propulsion is considered as one of the 
components. 
HFCs
Battery
Converter
Inverter
Auxiliary Engine Motor
Tank
(H2 or LNG)
Tank
(Diesel)
Fuel
Fuel
Electricity
Electricity
Electricity
System boundary
Power
• 500 kw
• 1,000 kw
• 1,500 kw
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Figure 10. System boundary of scenario 4 (Source: Author, 2018) 
 
5.5 Required data related to cost 
Table 7 shows required data related to the cost for the case study. As shown in Table 
7, all the data is referred to in the literature review, and a certain range of data is 
considered as uncertain parameters that would be variable in the calculation with the 
Monte Carlo simulation. 
Table 7. Required data related to cost for case study 
Items number unit source 
PEMFC capital cost 1,697-2,860 $/kW 
US DOE/ 
Manufacturing Cost 
Analysis of 100 and 
250 kW Fuel Cell 
Systems for Primary 
Power and Combined 
HFCs
Battery
Converter
Inverter
Auxiliary Engine Motor
Tank
(H2 or LNG)
Tank
(Diesel)
Fuel
Electricity
Electricity
Electricity
System boundary
Power
• 2,000 kw
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Heat and Power 
Applications 
1,826 $/kW 
IEA / Energy 
Technology Analysis 
300-500 $/kW 
IEA / technology 
roadmap of hydrogen 
fuel cell 
1,500-1,800 $/kW Dr. Alkaner 
operation and 
maintenance cost 
55  $/kW/year 
US DOE / hydrogen 
program / Cost 
Analysis of Fuel 
Cell/Systems 
20-50 $/kW/year 
NREL / Lifecycle Cost 
Analysis of Hydrogen 
Versus Other 
Technologies for 
Electrical Energy 
Storage  
MCFC 
capital cost 
600-1,500 $/kW Dr. Alkaner 
1,200-2,000 $/kW 
Performance and Cost 
Analysis for a 300 kW 
Tri-Generation Molten 
Carbonate Fuel Cell 
System 
operation and 
maintenance cost 
4.0-4.5 ¢/kWh 
US DOE / Combined 
Heat and Power 
Technology Fact 
Sheet Series 
SOFC capital cost 725-1,900 $/kW 
IEA / Energy 
Technology Analysis 
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1,180-1,790 $/kW 
Manufacturing Cost 
Analysis of 100 and 
250 kW Fuel Cell 
Systems for Primary 
Power and Combined 
Heat and Power 
Applications 
operation and 
maintenance cost 
125-200 $/kW/year 
IEA / Energy 
Technology Analysis 
Reformer capital cost 3,000-5,000 $/kW 
IEA / technology 
roadmap of hydrogen 
fuel cell 
Hydrogen tank capital cost 2,500-3,000 $/kg 
IEA / Energy 
technology essentials 
LNG tank 
capital cost 1,000-5,000 $/m3 
MAN / Costs and 
Benefits of LNG as 
Ship Fuel for 
Container Vessels 
installation cost 
(for 2500 TEU) 
300 $/kW 
MAN / Costs and 
Benefits of LNG 
as Ship Fuel for 
Container Vessels 
Motor (500kW) capital cost 45,000 $ 
Research on the 
Utilization Potential of 
Fuel Cells in Rail and 
Ship Applications 
Converter capital cost 270,000 $ 
Research on the 
Utilization Potential of 
Fuel Cells in Rail and 
Ship Applications 
Inverter capital cost 135,000 $ 
Research on the 
Utilization Potential of 
  
43 
 
Fuel Cells in Rail and 
Ship Applications 
Battery (48kW) capital cost 45,900 $ 
Research on the 
Utilization Potential of 
Fuel Cells in Rail and 
Ship Applications 
Platinum 
recycle cost 875-1,025 $/oz 
PGM Market Report 
May 2018 
Weight 0.2 g/kW 
US DOE / Hydrogen 
and Fuel Cells 
Program Record 
Bunker Price 
MGO 259-665 $/mt  
Rotterdam Bunker 
Prices 
LNG 5-10 $/mmbtu World Bank 
Hydrogen 4-14 $/kg 
Dr. Alkaner, California 
Energy Commission, 
EC, NREL 
(Source: Author, 2018) 
 
Other essential values for this case study, such as fuel consumption of each HFC in 
all scenarios can be seen in Appendix A. Here, the assumption and limitation of each 
item are shown in Table 7. 
- Assumption 
The capital cost of PEMFC has a significant wide range from $300 to $2860/kW. 
Meanwhile, according to IEA, current PEMFC systems for FCV cost around $300 to 
$500/kW, and its cost can be reduced dramatically by economies of scale (IEA, 2015). 
On the contrary, investment cost for stationary FCs are still high due to the purpose 
of higher efficiency and longer lifetime (IEA, 2015). US DOE expected that the 
projected cost is between $1,500 and $2,000/kW for medium-sized FC (US DOE, 
2011). From the shipping industry perspective, it can be assumed that there is a need 
to customize HFCs as marine applications due to required long term lifespan and 
huge power for supply electricity. Thus, HFCs for FCV may not be able to be applied 
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to ocean-going vessel. As a result, PEMFC cost is considered around $1,500 to 
$2,860/kW in this case study. 
According to Alkaner, the hydrogen fuel price is $4/kg; meanwhile, according to 
California Energy Commission, hydrogen fuel price is estimated from $12.85 to more 
than $16/kg, and the common price is estimated as $13.99/kg (Edmund & Brown, 
2015). Moreover, EC reports that hydrogen price is €9.5/kg ($11.05/kg, 2018 Aug) 
(EC, 2017). However, the cost could be reduced by $10 to $8/kg in the 2020 to 2025 
period based on NREL estimation (Californifuel cell partnership, 2018). The hydrogen 
price may fall down to lesser value than the current situation in the future. Hence, 
considering the expected decrease, the price range from $4 to $14/kg would be 
assumed in this case study. 
- Limitation 
Installation cost of HFCs is estimated as the value, $510,000 because auxiliary 
systems of each HFC can be assumed as the same thing. Furthermore, the 
installation cost of a H2 tank is estimated the same as one of the LNG tanks, $300/kW, 
as shown in Table 6. In addition, opportunity cost generated by losing a certain amount 
of space for cargo instead of installation of HFCs is not considered as capital cost of 
HFCs. 
 
5.6 Life Cycle Cost Analysis 
Life Cycle Cost Analysis (LCCA) is an economic analysis used by evaluating all the 
costs of an investment of technology over its entire life. Calculation of all the cost is 
so called LCC methodology, which becomes one of the commonly used tools to 
identify the hotspot of projects (Zhao et al, 2018; Asiedu & Gu, 1998). By using an 
economic analysis technique that is known as "discounting," all projected costs would 
be converted into present dollars and summed to produce NPC (US DOT, 2018). In 
this case study, LCC will be expressed by using NPC, considering the lifespan of 
containership, ie 25 years. The terms of mathematical formula that are used in NPC 
calculation are defined in Table 8. 
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Table 8. Terms of mathematical formula 
Term Item 
C1 Capital cost 
C2 O&M Cost 
C3 Installation cost 
C4 Fuel cost (H2 and LNG) 
C5 Exchange FC stack cost 
C6 LSMGO save cost 
C7 Auxiliary engine O&M save cost 
C8 Recycle cost 
C9 Auxiliary engine capital cost 
                                            (Source: Author, 2018)  
  
5.6.1 Total LCC of PEMFC formula 
There is a need to exchange PEMFC every 5 years because of its lifetime, around 
40,000 hours, in case of 7,338 hours’ operation per year. Moreover, as for the case of 
scenario 4 (output; 2000kW), PEMFC will do work as substitute for the auxiliary 
engine. Based on these conditions, the formula of LCC with the Present Cost (PC) 
and Present Life-cycle Cost (PLC) and an example of an image with respect to NPC 
flow in each year are identified as the following equations and figures respectively.  
 
Total LCC of PEMFC (in the case of scenario 1, 2, and 3) 
= NPC (25years) 
= Capital cost (FC stack and auxiliary systems, and installation) 
+ PLC (fuel + non-fuel operation and maintenance) 
+ PC (Exchange FC every 5 years) 
- PLC (fuel cost of auxiliary engine) 
- PLC (a part of OPEX of auxiliary engine without fuel cost) 
- PC (recycling HFCs every 5 years) 
 
Total LCC of PEMFC (in the case of scenario 4) 
= NPC (25years) 
= Capital cost (FC stack and auxiliary systems, and installation) 
+ PLC (fuel + non-fuel operation and maintenance) 
+ PC (Exchange FC every 5 years) 
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- PLC (fuel cost of auxiliary engine) 
- PLC (a part of OPEX of auxiliary engine without fuel cost) 
- PC (recycling HFCs every 5 years) 
- PC (Auxiliary engine) 
 
The NPC formula; 
𝑁𝑃𝐶 = 𝐶𝑎𝑝𝑒𝑥 +∑
𝐶𝐹𝑡
(1 + 𝑟)𝑡
𝑡
𝑛=0
 
 
at where, 
𝐶𝑎𝑝𝑒𝑥 (𝑠𝑐𝑒𝑛𝑎𝑟𝑖𝑜 1,2,3) =  𝐶1 + 𝐶3 
𝐶𝐹 =  𝐶2 + 𝐶4 − 𝐶6 − 𝐶7  
 
At where CAPEX in case of scenario 4,  
𝐶𝑎𝑝𝑒𝑥 (𝑠𝑐𝑒𝑛𝑎𝑟𝑖𝑜 4) = 𝐶1 + 𝐶3 − 𝐶9 
 
And, at where CF every 5 years (t=5,10,15, 20, 25), 
𝐶𝐹(𝑡 = 5,10,15,20,25) =  𝐶2 + 𝐶4 + 𝐶5 − 𝐶6 − 𝐶7 − 𝐶8 
 
In accordance with equations as set forth above, Figure 11 identifies an image of NPC 
flow of PEMFC in the case of scenarios 1, 2 and 3. At the year zero in scenario 1, 2 
and 3, Capital and installation costs of related HFCs are considered as CAPEX. 
Moreover, exchange FC cost as NPC positive flow and recycle cost as NPC negative 
flow are added to annual OPEX every 5 years.  
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Figure 11. An image of NPC flow of PEMFC in case of Scenario 1, 2 and 3 
(Source: Author, 2018) 
 
Figure 12 shows an image of NPC flow of PEMFC in the case of scenario 4. 
Compared to the previous figure, there is a difference that the auxiliary engine capital 
cost is added in the CAPEX because HFCs are considered as substitution for the 
auxiliary engine. 
NPC flow ($)
Time
(year)
0 1 2 3 4 5 6 7 8 9 10 11 12 ….. 25
~~
~~
NPC negative flow
• LSMGO save cost (C6)
• Auxiliary engine O&M save cost (C7)
• Recycle cost (C8)
NPC positive flow
• Capital cost (C1)
• O&M cost (C2)
• Installment cost (tank) (C3)
• Fuel cost (H2 or LNG) (C4)
• Exchange FC cost (C5)
 =  
𝐶 
(1+ 𝑟) 
 = 
𝐶2+ 𝐶4+ 𝐶5− 𝐶6− 𝐶7 − 𝐶8
(1 + 𝑟) 
 = 𝐶1+ 𝐶3
 = 
𝐶2+ 𝐶4− 𝐶6− 𝐶7 
(1 + 𝑟) 
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Figure 12. An image of NPC flow of PEMFC in case of Scenario 4  
(Source: Author, 2018) 
 
5.6.2 Total LCC of MCFC or SOFC formula 
The lifetime of MCFC and SOFC reaches at 20,000 hours; hence, they have to be 
exchanged every 3 years due to 7,338 hours’ operation of containerships per year. 
Moreover, these HFCs will perform as substitute for the auxiliary engine as well as 
PEMFC in the case scenario. Based on these conditions, the formula of LCC with PC 
and PLC, and an example of an image with respect to NPC flow in each year are 
identified as in the following equations and a figure respectively.  
 
Total LCCs of MCFC and SOFC (in the case of scenario 1, 2, and 3) 
= NPC (25years) 
= Capital cost (FC stack and auxiliary systems, and installation) 
+ PLC (fuel + non-fuel operation and maintenance) 
+ PC (Exchange FC every 3 years) 
- PLC (fuel cost of auxiliary engine) 
- PLC (a part of OPEX of auxiliary engine without fuel cost) 
 
NPC flow ($)
Time
(year)
0 1 2 3 4 5 6 7 8 9 10 11 12 ….. 25
~~
~~
NPC negative flow
• LSMGO save cost (C6)
• Auxiliary engine O&M save cost (C7)
• Recycle cost (C8)
• Auxiliary Engine capital cost (C9)
NPC positive flow
• Capital cost (C1)
• O&M cost (C2)
• Installment cost (tank) (C3)
• Fuel cost (H2 or LNG) (C4)
• Exchange FC cost (C5)
 =  
𝐶 
(1+ 𝑟) 
 = 
𝐶2 + 𝐶4+ 𝐶5− 𝐶6− 𝐶7 − 𝐶8
(1 + 𝑟) 
 = 𝐶1+𝐶3− 𝐶9
 = 
𝐶2+ 𝐶4− 𝐶6− 𝐶7 
(1 + 𝑟) 
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Total LCC of MCFC and SOFC (in the case of scenario 4) 
= NPC (25years) 
= Capital cost (FC stack and auxiliary systems, and installation) 
+ PLC (fuel + non-fuel operation and maintenance) 
+ PC (Exchange FC every 3 years) 
- PLC (fuel cost of auxiliary engine) 
- PLC (a part of OPEX of auxiliary engine without fuel cost) 
- PC (Auxiliary engine) 
 
The NPC formula; 
 
𝑁𝑃𝐶 = 𝐶𝑎𝑝𝑒𝑥 +∑
𝐶𝐹𝑡
(1 + 𝑟)𝑡
𝑡
𝑛=0
 
 
At where,  
𝐶𝑎𝑝𝑒𝑥 =  𝐶1 + 𝐶3  
𝐶𝐹 =  𝐶2 + 𝐶4 − 𝐶6 − 𝐶7  
At where CAPEX in case of scenario 4, 
𝐶𝑎𝑝𝑒𝑥 =  𝐶1 + 𝐶3 − 𝐶9 
 
And, at where CF every 3 years (t=3, 6, 9, 12, 15, 18, 21, 24), 
𝐶𝐹(𝑡 = 3, 6, 9, 12, 15, 18, 21, 24) =  𝐶2 + 𝐶4 + 𝐶5 − 𝐶6 − 𝐶7 
 
In accordance with equations as set forth above, Figure 13 identifies an image of NPC 
flow of PEMFC in case scenarios 1, 2 and 3. At the year zero in scenarios 1, 2 and 3, 
capital and installation costs of related HFCs are considered as CAPEX as well as 
PEMFCs case. Moreover, exchange FC cost as NPC positive flow is added to annual 
OPEX every 3 years. The recycle cost is not considered in the case based on the 
limitation that has already been stated. 
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Figure 13. An image of NPC flow of MCFC and SOFC in case of Scenario 1, 2 and 3 
(Source: Author, 2018) 
 
Figure14 shows an image of NPC flow of PEMFC in the case of scenario 4. Compared 
to the previous figure, there is a difference that the auxiliary engine capital cost is 
added in the CAPEX because HFCs are considered as substitution for the auxiliary 
engine. 
 
NPC flow ($)
Time
(year)
0 1 2 3 4 5 6 7 8 9 10 11 12 ….. 25
~~
~~
NPC negative flow
• LSMGO save cost (C6)
• Auxiliary engine O&M save cost (C7)
NPC positive flow
• Capital cost (C1)
• O&M cost (C2)
• Installment cost (tank) (C3)
• Fuel cost (H2 or LNG) (C4)
• Exchange FC cost (C5)
 =  
𝐶 
(1+ 𝑟) 
 = 
𝐶2+ 𝐶4+𝐶5− 𝐶6−𝐶7 
(1 + 𝑟) 
 = 𝐶1+ 𝐶3
 = 
𝐶2 + 𝐶4− 𝐶6− 𝐶7 
(1 + 𝑟) 
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Figure 14. An image of NPC flow of MCFC and SOFC in case of Scenario 4 
(Source: Author, 2018) 
 
5.7 Calculation with Monte Carlo simulation 
This case study demonstrated the calculation of LCC and NPC with the Monte Carlo 
simulation by the putting required data into the defined system. The Monte Carlo 
simulation is a mathematical method that generates random variables in order to 
assess modelling risk or uncertainty of the defined system (“Definition of 'Monte”, n.d.). 
As identified already, the required data that was retrieved from literature has a certain 
range. Therefore, by generating random values between the specified minimum and 
maximum values within a range, this method makes it possile to find the probable 
value through some kinds of distribution (Kariznoee, Bijandi, Mogharbi & Maddah, 
2014). 
In order to calculate LCC and NPC in each scenario, CAPEX and OPEX were initially 
assumed by setting the random inputs that were modelled on the basis of triangular 
and uniform distributions. Then, forecast values of NPC at the end of every five years 
were set out. After setting values, numerical simulation was conducted with 10,000 
trials, and forecast mean values of NPC and their probabilities of negative NPC in 
each scenario was obtained. 
~~
NPC flow ($)
Time
(year)
0 1 2 3 4 5 6 7 8 9 10 11 12 ….. 25
~~
NPC negative flow
• LSMGO save cost (C6)
• Auxiliary engine O&M save cost (C7)
• Auxiliary Engine capital cost (C9)
NPC positive flow
• Capital cost (C1)
• O&M cost (C2)
• Installment cost (C3)
• Fuel cost (H2 or LNG) (C4)
• Exchange FC cost (C5)
 
= 
𝐶 
(1+ 𝑟) 
 = 
𝐶2+ 𝐶4+𝐶5− 𝐶6− 𝐶7 
(1 + 𝑟) 
 = 𝐶1+𝐶3− 𝐶9
 = 
𝐶2+ 𝐶4− 𝐶6− 𝐶7 
(1 + 𝑟) 
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5.7.1 Result of scenario 1 (500 kW powered by HFC) 
Table 9 and Figure 15 summarize the forecast mean value of NPC at the end of every 
five years for each HFC in the case of scenario 1 with a discount rate. As shown in 
Table 9, the value of PEMFC is higher than others because the price of hydrogen fuel 
is costly, which accounts for more than 97% of cost components, according to the 
simulation results. 
 
Table 9. The mean value of NPC at the end of every five years in the scenario 1 
Mean value 
(million) 
NPC at the 
end of 5 
years 
NPC at the 
end of 10 
years 
NPC at the 
end of 15 
years 
NPC at the 
end of 20 
years 
NPC at the 
end of 25 
years 
PEMFC $12,29 $19,00 $25,35 $31,34 $35,96 
MCFC $8,46 $10,20 $12,39 $14,45 $15,68 
SOFC $9,94 $12,68 $15,91 $18,95 $20,93 
 
  
 
Figure 15. A comparison and trends of NPC at every five years in the scenario 1 
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5.7.2 Result of scenario 2 (1,000 kW powered by HFC) 
Table 10 and Figure 16 identify the forecast mean value of NPC at the end of every 
five years for each HFC in the case of scenario 2 with a discount rate. The increasing 
rate of NPC for PEMFC is higher than others due to the high hydrogen fuel price. The 
values of MCFC and SOFC are constant in each year. It could be assumed that OPEX 
of each year with a discount rate is almost equal to saving diesel fuel cost in case of 
1,000 kW powered by HFC. 
 
Table 10. The mean value of NPC at the end of every five years in the scenario 2 
Mean value 
(million) 
NPC at the 
end of 5 
years 
NPC at the 
end of 10 
years 
NPC at the 
end of 15 
years 
NPC at the 
end of 20 
years 
NPC at the 
end of 25 
years 
PEMFC $18,22 $27,43 $36,13 $44,34 $50,91 
MCFC $18,64 $18,19 $18,83 $19,51 $19,44 
SOFC $21,20 $22,46 $24,93 $27,24 $28,32 
 
 
 
Figure 16. A comparison and trends of NPC at every five years in the scenario 2 
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5.7.3 Result of scenario 3 (1,500 kW powered by HFC) 
Table11 and Figure 17 show the forecast mean value of NPC at the end of every five 
years for each HFC in the case of scenario 3 with a discount rate. In contrast to 
Scenario 1 and 2, the values of NPCs of MCFC and SOFC are on a declining trend 
although the trend of PEMFC keeps on with an increase as time advances. As for 
MCFC, the values of NPC at the end of 15, 20 and 25 are negative so that investments 
for MCFC will be successful within 15 years and gaining economic benefits can be 
expected in these years. 
 
Table 11. The mean value of NPC at the end of every five years in the scenario 3 
 
 
Figure 17. A comparison and trends of NPC at every five years in the scenario 3 
Mean value 
(million) 
NPC at the 
end of 5 
years 
NPC at the 
end of 10 
years 
NPC at the 
end of 15 
years 
NPC at the 
end of 20 
years 
NPC at the 
end of 25 
years 
PEMFC $18,88 $26,44 $33,59 $40,33 $46,91 
MCFC $7,94 $0,94 -$4,00 -$8,69 -$13,11 
SOFC $11,73 $7,32 $5,08 $2,92 $0,27 
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5.7.4 Result of scenario 4 (2,000 kW powered by HFC instead of auxiliary engine) 
Table 12 and Figure 18 show the forecast mean value of NPC at the end of every five 
years for each HFC in the case of scenario 4 with a discount rate. As in the case with 
scenario 3, NPCs of MCFC and SOFC are decreasing, and one of the PEMFCs still 
keeps increasing; however, the increase rate is lower than in other scenarios. As for 
MCFC and SOFC, almost all the values are negative, thus investors can get benefits 
at the early stage.  
 
Table 12. The mean value of NPC at the end of every five years in the scenario 4 
 
 
Figure 18. A comparison and trends of NPC at every five years in the scenario 4 
 
Mean value 
(million) 
NPC at the 
end of 5 
years 
NPC at the 
end of 10 
years 
NPC at the 
end of 15 
years 
NPC at the 
end of 20 
years 
NPC at the 
end of 25 
years 
PEMFC $12,80 $14,14 $16,15 $17,54 $19,24 
MCFC -$1,43 -$19,23 -$33,88 -$47,78 -$59,47 
SOFC $3,53 -$11,02 -$22,13 -$32,67 -$42,23 
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5.8 Discussion 
With respect to NPC of the PEMFC, the value of hydrogen fuel price accounts for 
more than 90% of the cost components in all scenarios, and the second largest 
proportion is diesel oil saving cost, from only around 2 to 7%. Presumable reasons 
are the price of hydrogen and energy consumption. In this case study, pricing of 
hydrogen is assumed from $4 to $14 /kg by some evidence from the literature review 
and the automobile industry practice; meanwhile, it would be a significant burden for 
shipping. Even though hydrogen stations for FCV are constructed one after another, 
the price is still expensive for users. In order to use hydrogen as fuel in shipping, 
shipping companies have to load a lot of hydrogen only one time in the port even if it 
is short shipping. Therefore, the high price of fuel will have severe percussions on 
companies. Another problem is that energy consumption of hydrogen remains high. 
One way from Rotterdam to Antwerp Port requires more than 600 kg/day for 500 kW 
power output. Hence, shipping companies have to try to reduce cost and make efforts 
for improvement of energy consumption in HFCs, considering hydrogen into fuel 
realistically. 
As for MCFC, the main positive cost components are LNG tanks, Exchange FC, 
Reformer OPEX, and LNG fuel; on the other hand, the negative cost component is 
“save diesel oil”. Figure 19 indicates proportions of cost components at each power 
level. At 500 kW and 1,000 kW power levels, oil cost saving is not as much as other 
components, ie less than 20%. On the contrary, the cost related to CAPEX, such as 
tank investment or exchange FC is still higher than others. At 1,500 kW and 2,000 kW 
power levels, however, this place order reverse cost related to OPEX, such as 
reformer OPEX and “save diesel oil” becomes larger than other components. 
Especially, “save diesel oil” is extremely larger, which accounts for more than 50%. 
Figure 20 summarizes proportions of cost components at 1500 kW power level. This 
figure also identifies capital cost remaining at the early stage (5 years); meanwhile, 
operation cost becomes larger and larger, and the increase rate of “save diesel oil” is 
higher than other components. Hence, it is clear that “save diesel oil” helps to reduce 
NPC at higher power levels after more than 5 years. 
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Figure 19. Proportions of cost components in MCFC (NPC at the end of 25 years) 
 
Figure 20. Proportions of cost components in MCFC (1,500 kW) 
 
In respect to SOFC, the main positive cost components are LNG tank, Exchange FC, 
Reformer OPEX, and LNG fuel, and the negative cost component is “save diesel oil” 
the same as MCFC. Further, the tendency to change the influencing element for NPC 
is similar to MCFC, so “save diesel oil” is much larger, which accounts for 40 to 60% 
of NPC at a high power level (Figure 21). Moreover, Figure 22 shows “save diesel oil” 
helps to reduce NPC at a higher power level after more than 5 years as well as MCFC. 
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The difference between MCFC and SOFC is that the exchange FC cost in MCFC 
accounts for relatively high proportions compared to SOFC because of high CAPEX 
of the FC stack. Instead of high CAPEX, LNG fuel cost in SOFC is higher than MCFC 
due to energy consumption. As a result, MCFC and SOFC are less costly than 
PEMFC, and they will generate economic benefit at high power levels after 5 years. 
 
Figure 21. Proportions of cost components in SOFC (NPC at the end of 25 years) 
 
 
Figure 22. Proportions of cost components in SOFC (1,500 kW) 
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6. Decision making from ship owners’ perspectives 
 
As the world economy is growing, the number of fleets has been increasing slowly. 
Moreover, the United Nations Conference on Trade and Development (UNCTAD) 
estimates that the operation of merchant ships generates around $380 billion in freight 
rates, equivalent to approximately 5% of total world trade (UNCTAD, 2017). 
Nevertheless, many ship owners are currently struggling with agreed low charter rates 
(Drewry, 2018). This is partly because shipping business is one of the most capital-
intensive in the world due to the high capital cost (Luo & Fan, 2011). Hence, ship 
owners will exercise extreme caution to invest in a new technology such as HFC, 
particularly when it would be costly. Basically, ship owners earn a marginal gain 
between the charter rate and sum of the costs (CAPEX and OPEX) generated by 
owning a vessel (Kavussanos & Visvikis, 2016). In addition to the fundamental earning 
and cost structure, externalities such social impact, environmental policies and 
regulations that impose substantial economic burden should be taken into account. 
Thus, ship owners should plan compliant strategies that are composed of a 
comprehensive approach to find optimized solutions and make a right decision on 
investment in new technologies. 
 
6.1 Payback period (PB) 
The PB is the time required for the amount invested in an asset that is expected to be 
repaid by the net cash flow generated by the investment. It is used as an economic 
analytical tool to evaluate the risk associated with a proposed project. An investment 
with a shorter PB is recognized to be better since the investors will face the risk for a 
shorter period of time. The concrete basis for calculation of PB can be seen in 
Appendix C. Table 13 identifies PBs of each HFC in scenarios.  
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Table 13. PBs of each HFC in scenarios 
PB PEMFC MCFC SOFC 
Scenario 1 - - - 
Scenario 2 - - - 
Scenario 3 - 11.59 25< 
Scenario 4 - 4.01 6.02 
 
As shown in Table 13, PBs at MCFC in scenario 3 and 4, and at SOFC in scenario 4 
are 11.59, 4.01 and 6,02 years respectively. PB in SOFC in scenario 3 is expected to 
be more than 25 years. Since NPC at PEMFC in all scenarios and one in MCFC and 
SOFC in scenario 1 and 2 tend to be continuously increasing as time goes by, these 
PBs cannot be calculated.  
Consequently, in scenario 3, PBs of MCFC and SOFC are larger than the ones in 
scenario 4; hence, investment in them could increase financial risks, compared to 
scenario 4. In addition, considering the current container shipping sector - 25.9% of 
the sub-panamax containerships (2,000-2,900 TEU), with an average age of 10.7 
years, are more than 15 years old, while the order books were 11.7% of the fleet in 
2015 (Kavussanos & Visvikis, 2016) -, ship owners may hesitate to invest in HFCs if 
they consider retrofitting HFCs with the existing fleet. This is because the rest of ship 
lifetime is possibly shorter than the PB of MCFC, which is more than 10 years. 
In scenario 4, since PB of MCFC (4.01 years) is shorter than one of SOFC (6.02 
years), investors can avoid more financial risk when investing in MCFC. Furthermore, 
as shown in Figure 23, with respect to capital cost of MCFC and SOFC, the values 
are given by $19.38 million and $19.76 million respectively. Thus, time value of money 
at the beginning could be almost equal to each other. On the other hand, the decline 
rate of NPC at MCFC is larger than one at SOFC; therefore, investment in MCFC is 
more financially secured in terms of time value of money.  
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Figure 23. NPC of MCFC and SOFC at the end of each year in the scenario 4 
 
6.2 Internal Rate of Return (IRR) 
The IRR is the projected discount rate that makes the value of NPC equal to zero. It 
indicates the expected rate of return that will be earned on a project or investment. 
Investors normally use this rate as a criterion for investment. Table 14 summarizes 
the result of IRRs of MCFC and SOFC every 5 years in case of scenario 3 and 4. 
IRRs of scenario 1 and 2, and PEMFC cannot be calculated because NPC of each 
has no possibility to be positive.  
 
Table 14. Result of IRR of MCFC and SOFC in case of scenario 3 and 4 
IRR 
MCFC SOFC 
Scenario 3 Scenario 4 Scenario 3 Scenario 4 
IRR (5 years) -19.8% -0.6% -29.2% -7.7% 
IRR (10 years) -3.4% 12.9% -12.8% 6.7% 
IRR (15 years) 2.1% 16.2% -6.5% 10.8% 
IRR (20 years) 5.0% 17.4% -1.3% 12.5% 
IRR (25 years) 6.0% 17.7% 0.0% 13.0% 
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If an IRR of the project is positive, and an IRR is higher than the cost of capital of the 
project, decision makers will be able to consider investment in the project as one 
option (Martin, n.d.). In addition, the average of cost of capital in European private 
equity is around 10% (Yoshitaka, Akiko, Kouta, Yuishiro & Yasushiro, 2015). From 
these conditions, decision makers should choose MCFC for 10 to 25 years, or SOFC 
for 15 to 25 years as investment options, as shown in Table 14. Moreover, Demaria 
(2010) indicates IRRs derived from the cash multiple and the length of investment, 
and 12% of IRR in 10 years’ investment is not at financial risk. Therefore, from the 
IRR point of view, MCFC for 10 years could be the best option. 
 
In summary, from the result of NPC, PB and IRR, scenario 1 and 2 are not appropriate 
options since NPCs are always positive. Looking at scenario 3 and 4, MCFC for 10 to 
25 years in case of scenario 4 will be considered as optimal options when negative 
NPCs, smaller PB and positive IRR more than 10% are selected in terms of economic 
benefit. As mentioned above, if considering retrofit with existing ships, a term of 
investment should be less than 10 years. Therefore, in conclusion, decision makers 
should select MCFC for 10 years in case of scenario 4 as the best investment in 
economical perspectives (see Table 15).  
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Table 15. Summary of NPC, PB and IRR values 
NPC
(million $)
PB IRR
5 years 18.88
10 years 26.44
15 years 33.59
20 years 40.33
25 years 46.91
5 years 7.94 -19.8%
10 years 0.94 -3.4%
15 years -4.00 2.1%
20 years -8.69 5.0%
25 years -13.11 6.0%
5 years 11.73 -29.2%
10 years 7.32 -12.8%
15 years 5.08 -6.5%
20 years 2.92 -1.3%
25 years 0.27 0.0%
5 years 12.8
10 years 14.14
15 years 16.15
20 years 17.54
25 years 19.24
5 years -1.43 -0.6%
10 years -19.23 12.9%
15 years -33.88 16.2%
20 years -47.78 17.4%
25 years -59.47 17.7%
5 years 3.53 -7.7%
10 years -11.02 6.7%
15 years -22.13 10.8%
20 years -32.67 12.5%
25 years -42.23 13.0%
6.02
4.01
Scenario 3
Scenario 4 MCFC
SOFC
Condition
-
-
PEMFC
MCFC
SOFC
PEMFC
11.59
-
25<
-
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6.3 Possibility of negative NPC 
In this case study, the possibility of negative NPC has been calculated by the Monte 
Carlo simulation with 10,000 trials. Table 16 defines the standard which is employed 
as analysis tools to determine how ship owners can place expectation in possibilities 
of negative NPC in each scenario every 5 years. The standard is divided into four 
stages, where the colors represent the level of risk to invest.  
 
Table 16. Color levels of expectation in negative NPC 
If possibility is below 20 % If NPC > 0 Not expected to be negative NPC 
If possibility is between 20 % 
and 80 % 
If NPC > 0 Lowly expected to be negative NPC  
If possibility is between 20 % 
and 80 % 
If NPC < 0 Expected to be negative NPC 
If possibility is above 80 % If NPC < 0 Highly expected to be negative NPC 
(Source: Author, 2018) 
Table 17 shows how much expectation in payback ship owners can expect by 
possibility to be negative NPC. Looking at the results in Table 17, MCFC for 20 and 
25 years in scenario 3, and for 10, 15, 20 and 25 years in scenario 4, it is highly 
expected to be payback. Likewise, SOFC for 10, 15, 20 and 25 years in scenario 4 is 
profitable for ship owners. Meanwhile, all HFCs in scenario 1 and 2 may not be 
feasible from ship owners’ perspectives since negative NPC is not expected. If ship 
owners invest in HFCs in case of these scenarios, they must recognize no possibility 
to be refunded for investment. Other cases have a certain possibility of negative NPC 
so that ship owners can expect payback; however, financial risk should be considered 
at the same time. 
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Table 17. Possibilities of negative NPC by color-coded risk level in each scenario 
Possibility of negative NPC PEMFC MCFC SOFC 
Scenario 1 
5 years 0% 0% 0% 
10 years 0% 0% 0% 
15 years 0% 0% 0% 
20 years 0% 0% 0% 
25 years 0% 0% 0% 
Scenario 2 
5 years 0% 0% 0% 
10 years 0% 0% 0% 
15 years 0% 0% 0% 
20 years 0% 0% 0% 
25 years 0% 0% 0% 
Scenario 3 
5 years 0,65% 1,26% 0,03% 
10 years 6,74% 43,15% 12,13% 
15 years 10,63% 69,45% 28,53% 
20 years 13,22% 81,21% 40,01% 
25 years 14,24% 88,30% 49,18% 
Scenario 4 
5 years 20,72% 60,58% 27,39% 
10 years 31,90% 99,49% 87,92% 
15 years 35,92% 100% 96,01% 
20 years 37,88% 100% 98,21% 
25 years 38,61% 100% 99,22% 
 
 
6.4 Seeking the ways to leverage HFCs in low possibilities of negative NPC 
cases 
6.4.1 Scenario 1 and 2 
Compared to scenarios 3 and 4, scenarios 1 and 2 have the advantage of utilization 
of HFCs. First, due to smaller size than the ones of scenarios 3 and 4, ship owners 
can get benefit from opportunity costs by increasing the capacity of transport goods. 
Secondly, the smaller power does not enormously affect energy utilization in the ship, 
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compared to cases that need larger power. For instance, if generating vibration or 
rough weather conditions are considered as a real operation, they would stop working 
so that larger powered HFCs will have a huger impact on energy generation. 
Therefore, in terms of opportunity, costs related to capacity and risk management to 
avoid real practical issues, ship owners can select HFCs in scenarios 1 and 2.  
 
6.4.2 PEMFC 
If ship owners select PEMFC, it will be difficult to get refunded on the principal by the 
result of the assumed value of NPC calculated through the simulation. The primary 
factor is the high price of hydrogen fuel, which is dominant, ie more than 90%, in the 
NPC of each case. Normally, ship owners hesitate to select alternative fuels and 
related measures due to uncertainty of fuel prices and high CAPEX (Srivastava, Ölçer, 
& Ballini, 2018). Currently, the hydrogen fuel price is still higher than other types of 
fuel; however, it would go down with stability because of improvements in 
procurement of hydrogen and supply chain. As mentioned already, US DOE assumes 
that the hydrogen price is expected to go down as FCV becomes widely used by 
establishing a supply chain. Furthermore, carbohydrate fuel cost is expected to 
increase because new sulphur and nitrogen regulations such as ECA in Europe. This 
factor could be an obstacle for ship owners to continue to use fossil fuel since 
profitability is not stable or unclear (Srivastava, Ölçer, & Ballini, 2018). The hydrogen 
price would go down and PEMFC could be used as marine applications if ship owners 
cooperated with ports to establish stable hydrogen supplies. In addition, CAPEX of 
PEMFC could be lower by mass production. According to US DOE, a target capital 
cost with 100 kW combined heat and power (CHP) system is expected to be 
$1,000/kW when manufactured at a volume of 1,000 units/year (US DOE, 2016c). 
If opportunity cost is considered, ship owners by selecting PEMFC will be able to get 
benefits from decreasing social impact by air pollution at port and exclusion of 
Selective Catalytic Reduction (SCR) equipment. PEMFCs use only hydrogen as fuel 
so that it will not discharge GHG and air pollution. On the other hand, the diesel engine 
and other HFCs with reformer could generate environmental impacts such as CO2 
and NOx (Tronstad et al, 2017). Thus, by converting these impacts to dollars, the 
external health cost ($/kg) can be calculated in accordance with a standard which is 
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provided by Center for Energy, Environment and Health (Ballini, 2013). If these costs 
can be excluded from the NPC of PEMFC, it might be an appropriate value for ship 
owners. In addition, contrary to HFCs with reformer, PEMFC does neither discharge 
NOx nor CO2; thus, it is not necessary to install SCR on board. Therefore, opportunity 
costs regarding SCR can be excluded from NPC of PEMFC, which would lead to 
acceptable values for ship owners. 
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7. Conclusion and Recommendations 
While international environmental regulations for the shipping industry has been 
increasingly tightened, ship owners will be required to invest in systems and 
technologies which reduce emissions of GHG or air pollution or switch to alternative 
fuels. In these conditions, hydrogen and FCs are focused on as one of the solutions 
in the maritime industry. Hydrogen fuel, compared to heavy oil fuel, has advantages 
of environmentally-friendliness because it discharges only clean water. However, 
most hydrogen and FC technologies are still in the early stages of commercialization 
due to high costs. Therefore, this research identified the feasibility to utilize three types 
of HFCs, PEMFC, MCFC and SOFC, from the economic point of view.  
The automobile industry, on the other hand, has achieved the utilization of HFC, and 
accelerated development and commercialization of FCV. Toyota, for instance, has 
achieved technological maturity even though the problem regarding cost reduction 
still remains. However, since Toyota has a well-established strategy to solve the issue 
in collaboration with related stakeholders, Toyota could see the light at the end of the 
tunnel by the reason that cost reduction will be achieved in a near future.  
Governments can play a role to help accelerate the development and deployment of 
HFCs by establishing energy and economic policies to develop projects and funding. 
Especially, the US and the EU have actively implemented financial support since 
many years ago; thus, investors in these areas will get economic benefit that facilitates 
in commercializing HFCs. 
In order to investigate the economic aspects of HFCs, the case study by the use of 
short sea shipping service was conducted. As a result, MCFC and SOFC of NPC can 
be negative in scenarios 3 and 4 because the amount of saved diesel fuel cost totally 
exceeds CAPEX and OPEX of HFCs. Considering NPC, PB and IRR, MCFC for 10 
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years could be the best option for ship owners. As for scenarios 1 and 2, or PEMFC, 
related cost, for instance, the hydrogen price is still high; however, if the opportunity 
cost is considered, or if establishing a supply chain in collaboration with ports and 
governmental financial support is fruitful, ship owner could possibly overcome the cost 
issue by reference to lessons learnt from the automobile industry. 
One general limitation of this case study is that a streamlined LCC does not consider 
production pathways of hydrogen and FCs. In particular, hydrogen can be produced 
by not only LNG but also other types of fuel such as RE or nuclear. Moreover, 
transportation and delivery cost of hydrogen and FCs should be included in the 
calculation through the case study. Therefore, the system boundary and required data 
as a set of case study should be more elaborated at the stage of production, 
transportation and delivery. In addition, there would be a need for commercialization 
of a vessel powered by HFCs to investigate social and environmental impacts on 
human beings and ports. Thus, safety assessment in relation to the use of HFCs on 
board, environmental assessment for ports should be further studied, and potential 
risks should be identified. Based on these assessment and economic aspects in detail, 
a further well-elaborated approach for the ship owner’s decision making, by utilization 
of the effective analysis tool, should be studied. 
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Appendix A: Scenario Required Input Data 
 
1. Fuel consumption of all scenarios 
 
Fuel consumption 500kW 1000kW 1500kW 2000kW Unit 
Hydrogen PEMFC 26.08 52.16 78.24 104.32 kg/h 
LNG 
MCFC 133.04 266.07 399.12 532.14 kg/h 
SOFC 200 400 600 800 kg/h 
LSMGO Auxiliary Engine 200-210 400-420 600-630 800-840 g/kWh 
 
2. Discount rate 
Discount rate is assumed from 1.03 to 1.27 % in reference to OECD 19 European 
countries average of interest rate from Jan. 2018 to Jul. 2018. 
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Appendix B: The results of calculation with Monte Carlo simulation  
 
Here are the results of numerical simulation in detail in case of scenario 1 (500 kW 
powered by HFCs). Results of other scenarios 2, 3 and 4 are not given in this 
Appendix; however, these results are shown in the main text. Probabilities and 
sensitivity are as follows; 
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2. MCFC 
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3. SOFC 
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Appendix C: Calculation basis of Payback Period  
(MCFC and SOFC in the scenarios 3 and 4) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Note. PB (SOFC, scenario 4) is above 25 years since NPCs in the 25 years are 
always negative. 
PB (MCFC, scenario 3) 11,59 year 
NPC at the end of 11th year $988 255,70 
NPC at the end of 12th year -$680 214,09 
NPC at the end of 13th year -$2 329 724,65 
NPC at the end of 14th year -$2 317 081,56 
NPC at the end of 15th year -$3 929 319,82 
PB (MCFC, scenario 4) 4,01 year 
NPC at the end of 1th year $14 889 097,42 
NPC at the end of 2th year $10 516 204,40 
NPC at the end of 3th year $4 428 767,79 
NPC at the end of 4th year $203 300,96 
NPC at the end of 5th year -$1 548 947,00 
PB (SOFC, scenario 4) 6,02 year 
NPC at the end of 6th year $70 768,36 
NPC at the end of 7th year -$3 385 137,21 
NPC at the end of 8th year -$4 125 854,05 
NPC at the end of 9th year -$7 503 691,25 
NPC at the end of 10th year -$10 843 160,45 
